Washington University in St. Louis

Washington University Open Scholarship
Arts & Sciences Electronic Theses and
Dissertations

Arts & Sciences

Winter 12-15-2021

Regulatory Effects of the E. coli RecBCD Nuclease Domain on
DNA Unwinding Kinetics
Nicole Fazio
Washington University in St. Louis

Follow this and additional works at: https://openscholarship.wustl.edu/art_sci_etds
Part of the Biochemistry Commons, and the Biophysics Commons

Recommended Citation
Fazio, Nicole, "Regulatory Effects of the E. coli RecBCD Nuclease Domain on DNA Unwinding Kinetics"
(2021). Arts & Sciences Electronic Theses and Dissertations. 2604.
https://openscholarship.wustl.edu/art_sci_etds/2604

This Dissertation is brought to you for free and open access by the Arts & Sciences at Washington University Open
Scholarship. It has been accepted for inclusion in Arts & Sciences Electronic Theses and Dissertations by an
authorized administrator of Washington University Open Scholarship. For more information, please contact
digital@wumail.wustl.edu.

WASHINGTON UNIVERSITY IN ST. LOUIS

Division of Biology and Biomedical Sciences
Computational and Molecular Biophysics

Dissertation Committee:
Timothy M. Lohman, Chair
Eric Galburt
Roberto Galletto
Kathleen Hall
Andrea Soranno
Christina Stallings
Alessandro Vindigni

Regulatory Effects of the E. coli RecBCD Nuclease
Domain on DNA Unwinding Kinetics
by
Nicole Fazio

A dissertation presented to
the Graduate School
of Washington University in
partial fulfillment of the
requirements for the degree
of Doctor of Philosophy

May 2022
St. Louis, Missouri

© 2022, Nicole Fazio

Table of Contents
List of Figures

iv

List of Tables

.xi

List of Scheme

...xiii
...xiv

Abstract of the

xv

Chapter I
Introduction
Chapter II
Purification of RecBCD and RecB CD and novel conversion and recovery of RecBCD
hetero-trimeric species from kinetically trapped hetero-hexamer species
25
Chapter III
The nuclease domain of E. coli RecBCD helicase regulates the rate of double stranded
DNA unwinding, but not the rate of single stranded DNA translocation
..... 56
Chapter IV
Effects of DNA end structure on the kinetics of initiation of DNA unwinding by RecBCD
and RecB CD
125
Chapter V
Efforts to examine the kinetics and dynamics of ATP-independent DNA melting by
RecBCD and RecB CD using single molecule TIRF and ensemble fluorescence
binding experiment

177

Chapter VI
Summary

217
229

Appendix A
Using length-dependence of the lag phase to determine the macroscopic rate of ssDNA
translocation and dsDNA unwinding
241

ii

Appendix B
Global NLLS analysis of n-step kinetic models of the Cy3 fluorescence of dsDNA
unwinding by RecBCD and RecB CD

260

Appendix C
Global NLLS analysis of n-step kinetic models of ssDNA translocation by RecBCD and
RecB CD
275

iii

List of Figures
Chapter I
Figure 1. Activities of SF-1 and SF-

13

Figure 2. Schematic of homologous recombination in double strand break repair in E. coli

14

Figure 3. Primary and cryo-EM structures of RecBCD and RecB

.

15

Figure 4. Proposed model for dsDNA unwinding by E. coli

...

16

Chapter II
Figure 1. Schematic overview of RecBCD and RecB

44

Figure 2. 8% SDS denaturing gels of empirical optimization of PEI and ammonium sulfate
...

45

Figure 3. RecB

46

.
nucCD,

Figure 4. Sedimentation velocity c(s) distributions of RecBCD, RecB

Figure 5. Equilibrium fluorescence titration of RecBCD and RecB

and (RecBCD)2 at
47

CD binding to reference
48
50

Supplemental Figure 2. 8% SDS denaturing gels from RecB

CD purification

51

Chapter III
Figure 1. Cryo-EM structure of RecBCD bound to blunt-end DNA (PDB: 7MR3
Figure 2. Schematic of RecBCD in homologous recombination during double strand break repair
in E. coli
Figure 3. DNA substrates used in unwinding and translocation studies

iv

Figure 4. Schematic of fluorescence all-or-none stopped-flow experimental setup to study single
turnover kinetics of DNA unwinding or translocation and examples of the resulting

Figure 5. Overlay of representative time courses of RecBCD and RecB
blunt ended DNA substrates for L

CD unwinding of

Figure 6. Representative stopped-flow fluorescence time courses for single turnover RecBCD or
RecB CD-catalyzed DNA unwinding from a blunt end as a function of DNA

Figure 7. Overlay of representative time courses of RecBCD and RecB
DNA substrates with a -dT6 -dT10 end for L = 50 bp

CD unwinding of

Figure 8. Representative stopped-flow fluorescence time courses for single turnover RecBCD or
RecB CD-catalyzed DNA unwinding from a -dT6 -dT10 end as a function of

Figure 9. Representative time courses of RecBCD and RecB CD-catalyzed unwinding of
DNA substrates with a blunt end with simulated fits to nFigure 10. The average macroscopic unwinding rate (mkU) for RecBCD, RecB CD, and
RecBD1080ACD-catalyzed unwinding from a blunt DNA end in buffer M30 at 37°C...98
Figure 11. Representative Cy3 and Cy5 time courses for RecBCD and RecB CD-catalyzed
unwinding from
-dT6 -dT10 ends to illustrate phase 1 and 2 in the
unwinding signals
.99
Figure 12. The non-productive to productive isomerization rate constant, kNP, for RecBCD,
RecB CD, and RecBD1080ACD-catalyzed unwinding from blunt ends or pre-melted
-dT6 -dT10 ends in buffer M30 at 37°C.
100
Figure 13. Quantification of the fractional amplitude of phase 2 from RecB
t
Figure 14. The initiation rate constant, kC, for RecBCD, RecB
catalyzed unwinding from blunt ends or preat 37°C

v

CD unwinding
101

CD, and RecBD1080ACD-dT6 -dT10 ends in buffer M30

Figure 15. Representative time courses of single-turnover kinetics of RecBCD-catalyzed
-dT6 -dT10 ends with simulated fits to n-step
kinetic models
103
Figure 16. Representative time courses of single-turnover kinetics of RecB CD-catalyzed
-dT6 -dT10 ends with simulated fits to n-step
kinetic models
104
Figure 17. The average macroscopic unwinding rate (mkU) for RecBCD, RecB CD, and
RecBD1080ACD-dT6 -dT10 DNA end in buffer M at
37°C
105
Figure 18.
37ºC for RecBCD, RecB
Figure 19. Representative
37ºC for RecBCD, RecB

CD, and

RecBD1080A

CD, and

RecBD1080A

-dT6

-dT10 end in buffer M275 at
106

-dT6

-dT10 end in buffer M500 at
...107

Figure 20. Representative time courses of single-turnover kinetics of RecBD1080ACD-catalyzed
unwinding of DNA substrates wit
-dT6 -dT10 ends with fits to n-step
kinetic models
108
Figure 21. Representative time courses of RecBCD and RecB
translocation in buffer M275 at 37ºC

CD

Figure 22. Representative time courses of singletranslocation on in buffer M275 at 37ºC

110

Figure 23. RecBCD dsDNA unwinding models

111

Supplemental Figure 1. Simulations showing the contributions of non-productive, (RD)NP, and
productive, (RD)P, populations to the overall unwinding time
courses
Supplemental Figure 2. Simulations showing that the presence of a length-dependent lag
diminishes as the initiation step with rate constant kC becomes
increasingly rate limiting
Supplemental Figure 3. Temperature dependence of translocation by RecB
at 37ºC

vi

114

CD in buffer M275
115

Supplemental Figure 4. [NaCl] titration in buffer M at 37ºC for RecB
translocation

CD-catalyzed ssDNA
.116

Supplemental Figure 5. Protein trap test for unwinding DNA substrates for RecBCD and
RecB CD in buffer M30 at 37°C

.117

Supplemental Figure 6. Protein trap test on unwinding DNA substrates using16 bp hairpin loop
-dT6 -dT10 end in buffer M275 at 37°C
118
Supplemental Figure 7. Protein trap test on translocation DNA substrates for RecBCD and
RecB CD in buffer M275 at 37ºC

119

Chapter IV
Figure 1. Cryo-EM structure of RecBCD bound to blunt-end DNA (PDB: 7MR3)

149

Figure 2. dsDNA unwinding substrates with binding sites of various ssDNA tail lengths

150

Figure 3. Schematic of fluorescence all-or-none stopped-flow experimental setup to study single
turnover kinetics of dsDNA unwinding and examples of the resulting time courses...151
Figure 4. Overlay of representative time courses of RecBCD unwinding of DNA substrates I-VI
for L = 50 bp
...
152
Figure 5. Overlay of representative time courses of RecB
VI for L = 50 bp

CD unwinding of DNA substrates I...
153

Figure 6. Comparison of the Cy3 time courses of RecBCD and RecB
substrates I-VI for L = 50 bp

CD unwinding of DNA

Figure 7. Comparison of the Cy5 time courses of RecBCD and RecB
substrates I-VI for L = 50 bp

CD unwinding of DNA

Figure 8. Representative time courses and simulated global fits of RecBCD-catalyzed unwinding
of DNA substrates II-V and plots of the average number of unwinding steps, n, versus
duplex length, L
156
Figure 9. Representative time courses and simulations of global fits of RecB CD-catalyzed
unwinding of DNA substrates II-V and plots of the average number of unwinding steps,
n, versus duplex length, L
...
158

vii

Figure 10. The effect of DNA end type on the macroscopic unwinding rate (mkU) for RecBCD
and RecB CD in buffer M30 at 37°C
160
Figure 11. Representative Cy3 and Cy5 time courses for RecBCD and RecB CD-catalyzed
-dT6 -dT10 DNA end to illustrate phase 1 and 2 in the
unwinding signals
161
Figure 12. Effect of the DNA end type on the rate constant, kNP, and the productive complex
fraction, x, for RecBCD and RecB CD dsDNA unwinding
Figure 13. Fractional amplitude of phase 2 of RecB CD Cy3 unwinding time courses for each
length unwound, L, for each DNA end type
163
Figure 14. Effect of the DNA end type on the rate constant, kC, and number of kC steps, h, for
RecBCD and RecB CD unwinding in buffer M30 at 37°C
164
Figure 15. Model for DNA melting by RecBCD to engage RecB

165

Figure 16. Expanded cartoon model (Hao et al. JMB 2021) summarizing the RecBCD
conformational and DNA melting heterogeneity and steps to get to an unwinding
competent RecBCD-DNA complex
...166
Supplemental Figure 1. Simulations showing the contribution of non-productive, (RD)NP, and
productive, (RD)P, populations to the overall unwinding time
courses
Supplemental Figure 2. Simulations showing the effect of varying the fraction, x, of enzymeDNA complexes initially in (RD)P
Supplemental Figure 3. Simulations illustrating the effect of varying the value of kNP
Supplemental Figure 4. Modeling of unwinding
of RecB

171

Supplemental Figure 5. Simulations showing that the presence of a length-dependent lag
diminishes when the initiation step with rate constant, kC, becomes
increasingly rate limiting
172

viii

Chapter V
Figure 1. smTIRF experiments of RecBCD binding to blunt ended Cy3/Cy5 labeled DNA in the
presence and absence of Mg2+
198
Figure 2. FRET histograms of Cy3/Cy5 labeled DNAs ± enzyme in imaging buffer ± 10 mM
MgCl2 at 25 C
200
Figure 3. Cy3 enhancement (PIFE) of RecBCD and RecB CD binding to DNA substrates IVVI in buffer M30 at 25°C, followed by titration of MgCl2 to the saturated enzyme-DNA
.
201
Figure 4. Cy3 and Cy5 enhancement of RecBCD binding to DNA substrates I-III in buffer M30 at
25°C, followed by titration of MgCl2 to the saturated RecBCD202
203
Figure 6. Cy3 and Cy5 enhancement of RecB CD binding to DNA substrates I-III in buffer
M30 at 25°C, followed by titration of MgCl2 to the saturated RecB CD-DNA
204
Figure 7. Emission scans for RecB

CD binding to Cy3/Cy5 labeled DNA

....205

Figure 8. RecBCD binding to DNA substrates VII-XI, labeled with Cy3B and Cy5, in buffer M30
plus 10 mM MgCl2
Figure 9. RecBCD binding to DNA substrates X-XII, labeled with only Cy3B, in buffer M30 plus
10 mM MgCl2
Figure 10. RecBCD binding to DNA substrates XIII-XV, labeled with only Cy5, in buffer M30
plus 10 mM MgCl2
..208
Figure 11. Enhancement of Cy3B/Cy5 labeled blunt ended DNA upon titration of guanidine HCl
in buffer M30 plus 10mM MgCl2 at 25
209
Figure 12. RecBD1080ACD binding blunt ended DNA (XVI) labeled with Cy5 and BHQ2 on each
end in the presence and absence of MgCl2 in buffer M50 at 25 C, followed by titration
with MgCl2 to RecBD1080ACD-DNA complexes
...210
Supplemental Figure 1. Fluorophores and black hole quencher-2 used to label DNA

ix

Appendix A
Figure 1. Lag time analysis of simulated ssDNA translocation time courses
Figure 2. Lag time analysis of simulated ssDNA translocation time courses from Scheme 2....254

Figure 5. Lag time analysis of simulated dsDNA unwinding time courses from Scheme 5
Figure 6. Lag time analysis using the lag time at A1/2 of simulated dsDNA unwinding time
courses from Scheme 3
Appendix B
Figure 1. Representative Cy3 and Cy5 time courses for RecBCD and RecB
unwinding to illustrate phase 1 and 2 in the unwinding signals

CD-catalyzed

Figure 2. Representative Cy3 time courses of RecBCD and RecB CD-catalyzed unwinding of
blunt ended DNA substrates fit to an n-step kinetic model
...
...271
Figure 3. Representative Cy3 time courses RecBCD-catalyzed unwinding of DNA substrates
-dT6 -dT10 ends fit to an n..
Figure 4. Representative time courses of single-turnover kinetics of phase 1 of RecB
-dT6 -dT10 end

CD-

Appendix C
Figure 1. Representative time courses of single-turnover kinetics of RecBCD-catalyzed ssDNA

Figure 2. Representative time courses of single-turnover kinetics of RecB

x

CD-catalyzed ssDNA

List of Tables
Chapter II
Supplemental Table 1. DNA sequences References DNA oligonucleotides

Chapter III
Table 1. Average parameters for dsDNA unwinding by RecBCD, RecB
RecBD1080ACD fit to Schemes 1 and 2

CD, and
88

Table 2. Average rates of ssDNA translocation determined from lag time analysis
Supplemental Table 1. Sequences for dsDNA unwinding and ssDNA translocation substrates.112
Chapter IV
Table 1. Average unwinding parameters for RecBCD and RecB
substrates I-VI in buffer M30 at 37°C fit to Scheme 1

CD unwinding of DNA
.148

Supplemental Table 1. Sequences for dsDNA unwinding substrate
Chapter V
Table 1. DNA oligonucleotides sequences of binding substrates

197

Appendix A
Table 1. Simulation parameters and comparison of methods for determining the rate of ssDNA
translocatio
Table 2. Simulation parameters and comparison of methods for determining the rate of dsDNA
unwinding
Appendix B
Table 1. Parameters from the Cy3 and Cy5 fluorescence signals for RecBCD and RecB
catalyzed unwinding from a b
-dT6 -dT10 end

xi

CD-

Appendix C
Table 1. Parameters for global NLLS analysis of RecBCD and RecB

xii

CD ssDNA

List of Schemes
Chapter III
Scheme 1
Scheme 2.

66

Chapter IV

Appendix A
Scheme

Appendix B

Appendix C

xiii

Acknowledgements
I would like to foremost thank my partner Drake Jensen who has been a best friend, a wonderful dog
dad, a diligently clean roommate and fellow scientist-in-training during this journey. This thesis would not
have been completed without him. It has been a unique and special journey to share with him - there is nothing
quite like sharing in the pains of the FPLC stopping overnight and trying to interpret observed fluorescence
signals. I would like to thank my dogs Todd, Hadi, and Zeva for providing endless joy and love in my life. I
would like to thank my parents for their constant and unconditional support and enthusiasm for everything I
have pursued in life. They have been my greatest cheerleaders. Thank you to my family for lifting me up at
every step, especially to my nieces and nephew for giving me hope about the world. I would like to thank

Yerdos Ordabayev, Min Shinn, and Lin Hao for conversations about science and of course politics. A special
thanks to Lin Hao for surviving the RecBCD trenches with me and letting me beat him in every foot race so
far. I would like to thank all the Lohman lab members, as they were instrumental in my successes. Thank you
to Binh Nguyen for knowing how to fix every piece of equipment, having secret stashes of all important
reagents and for insight into helicase experiments. Thank you to Alex Kozlov for teaching me the value of
simulations, rigorous attention to solution conditions, precise experimentation and for sharing great vacation

them. Thank you to Josh Sokoloksi for early training, guidance, and encouragement. Thank you to the Lucius
lab for use of the MENOTR algorithm, and especially to Zach Ingram for answering my many questions
regarding MatLab and data fitting. I would like to thank my committee for the insight and encouragement and
sharing of expertise. Finally, I would like to thank my advisor, Tim Lohman, for his patience and
perseverance. I would not be the careful and thorough scientist I hope that I am without your guidance.

Nicole Fazio
Washington University in St. Louis
May 2022

xiv

ABSTRACT OF THE DISSERTATION
Regulatory effects of the E. coli RecBCD nuclease domain on DNA melting and DNA
unwinding kinetics
by
Nicole Fazio
Doctor of Philosophy in Computational and Molecular Biophysics
Washington University in St. Louis, 2022
Professor Timothy M. Lohman, Chair

I have examined the effects of deleting the nuclease domain of the E. coli helicase
RecBCD on the rates of ATP-independent DNA melting, single stranded (ss) DNA translocation,
and double stranded (ds) DNA unwinding by RecBCD. The canonical role of the nuclease
domain is DNA degradation, but the removal of this domain showed unexpected effects on other
RecBCD activities including DNA binding, melting, and unwinding. This thesis presents a
mechanistic study of DNA unwinding by RecBCD and a RecBCD variant with the nuclease
domain deleted (RecB

CD). I examined the rates of ssDNA translocation and dsDNA

unwinding by RecBCD and RecB

CD using fluorescence stopped-flow assays. Deletion of the

-45%. These results are
consistent with a model in which RecBCD unwinds dsDNA through iterations of binding free
energy-driven ATP-independent DNA base pair melting and ATP hydrolysis driven ssDNA
translocation along the melted base pairs. Slower unwinding by RecB

CD is likely due to an

effect on its ability to destabilize or melt the duplex DNA. I also examined the ability of

xv

RecBCD and RecB

CD to initiate unwinding from DNA with blunt, partially pre-melted or

fully pre-melted ends using fluorescence stopped-flow experiments. I found that RecBCD is able
to initiate efficiently from all DNA end types. The rates of unwinding initiation by RecB

CD,

however, are up to 10-fold slower than RecBCD and are sensitive to DNA end type.
Additionally, deletion of the nuclease domain decreases the fraction of initially productive
RecBCD-DNA complexes. These results suggest DNA melting is necessary for efficient
initiation of DNA unwinding, and the slow initiation by RecB

CD emphasizes that the

deletion of the nuclease domain decreases DNA melting by RecBCD. I also present preliminary
single molecule total internal reflection fluorescence experiments designed to directly examine
the extent and dynamics of ATP-independent DNA melting by RecBCD and RecB

CD. These

results were difficult to analyze and interpret due in large part to Cy3 protein induced
fluorescence enhancement (PIFE) upon binding of RecBCD, which is then transferred to Cy5 via
FRET. We, therefore, turned to ensemble fluorescence binding experiments to better understand
the nature of the fluorescence signals that were observed in the smTIRF experiments. Results of
these experiments suggest that using Cy5 and black hole quencher to label DNA may be a viable
labeling scheme for measuring DNA melting by RecBCD. Additionally, careful fluorophore
placement and fluorescence calibrations and corrections will be necessary to measure DNA
melting. Combined, my results indicate that the nuclease domain has a role in regulating dsDNA
unwinding and initiation, possibly through DNA melting and allosteric interactions within
RecBCD.

xvi

Chapter I
Introduction

1

DNA contains the heritable material of cells. The preservation and passage of the
information contained within DNA is essential for cell survival. Upon the revelation of the DNA
structure, it was noted that the double helix offered an obvious copying mechanism

separating

the strands to provide a template for the new copy1. Helicases are a ubiquitous class of enzymes
that use energy derived from NTP binding and hydrolysis to move unidirectionally along the
DNA chain and catalyze strand separation of the duplex2 7 (Fig. 1). Helicases are essential in
DNA metabolism including DNA repair, replication and recombination, processes which all
require transient separation of the DNA duplex.
DNA damage repair
There are many sources of DNA damage that must be repaired for cell survival.
Propagation of genetic damage leads to cellular dysfunction and cell death. One particularly
severe type of damage is a double strand break (DSB) in which both strands of the DNA
backbone are broken. DSBs can be caused by a variety of agents including ionizing radiation,
UV light, DNA damaging chemicals and errors in normal DNA metabolism8. Cells generally
have two pathways to repair DSBs: the non-homologous end joining (NHEJ) pathway and
homologous recombination (HR)8. NHEJ results in the ligation of the blunt DNA ends and may
result in loss of genetic information or errors9. Homologous recombination, however, uses the
homologous genetic information stored in the sister chromatid to repair the DSB in an error free
manner10. E. coli RecBCD is the helicase which mediates initiation of repair of DSBs via the
major homologous recombination pathway by unwinding from blunt or nearly blunt DNA
ends11

13.

The Role of RecBCD in E. coli

2

E. coli RecBCD is a heterotrimeric helicase/nuclease that is involved in the major
homologous recombination pathway and also acts to degrade foreign DNA14

17.

RecBCD has

multiple activities, including double stranded (ds) and single stranded (ss) DNA exonuclease, ss
DNA endonuclease, DNA-dependent ATPase, ss and potentially ds DNA translocase activities
and helicase activities11,15,18. In homologous recombination, RecBCD binds to the exposed DNA
ends of a DSB, from which it unwinds the DNA duplex using ATP hydrolysis14,19

21

(Fig. 2).

degrading DNA as it unwinds 22

24.

When RecBCD is acting in HR, it encounters a crossover hotspot instigator (chi or ) sequence
regulatory sequence in the E. coli genome25

( -GCTGGTGG-

30.

Upon

recognition, RecBCD pauses and undergoes significant changes in activity, which includes a
~two-fold reduction in unwinding rate and the nuclease only degrades th
24,26,27,30 34.

, while RecA

RecBCD plays an active role in loading RecA protein
RecB nuclease

domain24,28,35

37.

The RecA-

regions

of homology and eventually catalyzes strand invasion38,39 (Fig. 2).
In addition to its role in DNA repair, RecBCD also contributes to cell survival through
the degradation of foreign DNA, such as phage genomes17,40. RecBCD binds to exposed DNA
ends and rapidly unwinds and degrades the foreign DNA16,17,41

45.

In the absence of a

sequence

in phage DNA,
Structural Properties of RecBCD
Helicases have been classified based on conserved amino acid sequences and are divided
into a number of families and superfamilies (SF-1, SF-2, SF-3, F4 and F5)46. The majority of
helicases and translocases are non-hexameric and belong to the SF-1 or SF-2 superfamilies,

3

2.

However, the so-called

identify NTP-dependent nucleic acid enzymes which may not unwind
or even translocate along DNA47.
E. coli RecBCD is a heterotrimeric protein with two SF-1 helicase/translocase motors48,49
(Fig. 3). The RecB subunit contains a SF-1A helicase
directionality. RecB is composed of the canonical 1A, 1B, 2A and 2B domains46 like other SF-1
helicases including PcrA50, Rep51 and UvrD47. The 1A and 2A domains form a RecA-like
interface which is involved in ATP hydrolysis and DNA translocation, and the 1B and 2B
domains play important regulatory roles, as in other SF-1 helicases52

57.

RecB also contains an

and a C-terminal nuclease domain (Fig. 3B). The arm domain extends towards
and interacts with the DNA duplex and has been proposed to be involved in a dsDNA translocase
activity of RecBCD58

61.

The nuclease domain, which exhibits Mg2+-dependent nuclease activity,

is attached to the RecB motor subunit via a ~60 amino acid linker62,63 (Fig. 3B). In available
RecBCD-DNA structures, the nuclease domain, when visible in the structure, is located on the
opposite end of the protein that interacts with the duplex DNA, but it has been suggested that the
nuclease domain is dynamic and can move from this location to degrade DNA and load
RecA37,63,64. The RecD subunit contains an SF-1B motor and
direction65. RecD, like RecB, also contains the four canonical SF-1 domains (1A, 1B, 2A and
2B). RecC is structurally similar to RecB despite low sequence similarity, but does not possess
ATPase activity 23,59,66. RecC interacts with both RecB and RecD within the RecBCD complex,
acts as a processivity factor and is involved in -recognition59,67
activity of RecB61.

4

69.

RecC stimulates the helicase

All available structures of RecBCD bound to DNA show that RecBCD melts out a
number of base pairs from a blunt DNA end in the absence of ATP21,59. This is consistent with
KMnO4 footprinting experiments which demonstrated an ATP-independent, Mg2+-dependent
increase in sensitivity of 4-6 bp of DNA to oxidation upon binding of RecBCD21. It has also been
demonstrated that RecBC, in the absence of RecD, is capable of melting 4-6 bp in the absence of
ATP12. Recent cryo-EM structures of RecBCD bound to DNA indicate heterogeneity in the
structures of RecBCD bound to blunt ended DNA70. Two major structural classes were found70
(Figs. 3B and C). One class, similar to previous structural studies, showed ~4 bp of DNA melted,
but interestingly showed no density for the RecB nuclease domain and low density for the RecD
subunit. The second class showed that at least 11 bp are melted from a blunt DNA end by
RecBCD. Higher density is observed for RecD and the nuclease domain is visible, suggesting
stabilizing interactions between RecD and the nuclease domain.
Biochemical Properties of RecBCD
DNA binding by RecBCD
Most helicases require a ssDNA tail attached to the DNA duplex region as a loading site
to initiate DNA helicase activity in vitro, but RecBCD binds to blunt DNA ends with high
affinity12. Upon binding to blunt DNA ends, RecBCD and RecBC melt DNA in an ATPindependent manner using only their binding free energy12,21,44,59. However, the binding affinity
increases for a DNA end possessing unpaired ssDNA tails, such that the optimal binding site for
RecBC

-dT6

T6 end and a

-dT6

10

end for RecBCD12,44. Binding of RecBCD to a

blunt DNA end is entropically driven and associated with an unfavorable positive H, reflecting
enthalpically unfavorable melting of the DNA base pairs by RecBCD70. Recent binding studies

5

suggest that RecBCD can interact with up to 17 nucleotides at a pre-melted ss/ds DNA
junction70.
ssDNA Translocation by RecBCD
RecBCD is a bipolar helicase indicating that it has two motors which translocate or move
to 3 directions45. Single stranded DNA
translocation by RecBCD has been examined using single turnover stopped-flow fluorescence
kinetics experiments60,61,71

73.

RecBCD, in fact, contains three total translocase activities. The

canonical RecB motor domain translocates in the

to

direction61,65,71,74,75, and the canonical

direction65,71,74. RecB and RecD act on
complementary strands of DNA and therefore move in the same net direction along the
DNA45,65. RecBC, also a processive helicase, shows a secondary ssDNA translocase activity that
acts on the same strand as RecD, but is insensitive to DNA backbone polarity60,61,71. The
secondary translocase activity, which also functions within RecBCD, is controlled by the RecB
motor ATPase and is thought to be located within RecB the arm domain58,60,61,76. It has been
proposed that the secondary translocase activity may actually reflect a double stranded DNA
translocase activity that functions during DNA unwinding61. For RecBCD, the rate of ssDNA
in

. This asymmetric

coordination between translocase activities is observed since both the RecBC secondary
translocase and the canonical RecD translocase work in the

while only the

45,60,61,71.

canonical RecB motor operates in the
dsDNA Unwinding by RecBCD

RecBCD unwinds duplex DNA with notable speed and processivity. RecBCD
processivity has been demonstrated to be upwards of 30 kb per binding event with unwinding

6

rates up to ~1000 bp/s43,77. The efficient unwinding initiation by RecBCD from a blunt DNA end
is due to the fact that RecBCD melts 4-11 bp in an ATP-independent manner such that the RecB
and RecD motors can

DNA unwinding by

RecBCD has been examined using a variety of approaches including electron microscopy78,79,
fluorescence stopped-flow42,45, chemical quench-flow41,44 and single molecule (sm)
approaches29,31,43,80,81. Single turnover ensemble stopped- and quenched-flow unwinding assays
have been used to examine and analyze the mechanism of RecBCD-catalyzed DNA
unwinding41,42,44,58,82,83. These time courses have been analyzed using n-step kinetic models,
which have demonstrated that RecBCD has a kinetic step size of ~4 ± 1 bp/step, where the
kinetic step represents the number of base pairs unwound between two rate-limiting steps that are
repeated during DNA unwinding41,42,44,82. An additional 2-3 kinetic steps are needed to describe
DNA unwinding initiation from a blunt end versus from a pre-melted

-dT6

-dT10 end12,44,84.

These additional kinetic steps likely represent steps involved in the engagement of the RecD
motor with DNA. In addition to being required for efficient initiation of unwinding, RecD
contributes to unwinding processivity, as RecBCD shows greater processivity than RecBC45,85.
Single molecule (sm) approaches have also been used to examine RecBCD activities.
Studies have shown that upon recognizing the

sequence during DNA unwinding, RecBCD

pauses for several seconds and then continues DNA unwinding with a slower rate81,86. Other sm
studies revealed that upon RecD engagement

-DNA

complex shows ATP-independent forward and reverse motions consistent with transient DNA
melting87,88. Other studies have measured the mechanical force generated during the unwinding
reaction89, examined how the unwinding velocity responds to applied forces86, and identified
pausing during unwinding both in the presence86 and absence of opposing forces87.
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Proposed DNA Unwinding Mechanisms
In order to achieve DNA unwinding, a processive helicase must separate the strands of
DNA and move directionally along the DNA. In the most basic sense, a helicase could do this by
a passive or an active mechanism3,4. In a passive mechanism, the helicase uses ATP hydrolysis
only to translocate or move directionally along the single stranded DNA, where translocation
only proceeds as the DNA base pairs are transiently disrupted due to thermal fluctuations4. In an
active mechanism, the helicase actively catalyzes the destabilization of the DNA base pairs,
presumably utilizing the protein-DNA binding free energy and/or conformational changes that
are triggered by NTP binding, hydrolysis, or product release3,4. The fact that most helicases
possess multiple DNA binding sites appears to be important in that this allows alternation
between high and low affinity sights, coupled to ATP binding and hydrolysis, to mechanically
move the enzyme along the DNA4.
Specific to RecBCD, the mechanism of DNA unwinding by RecBCD has been at
question since it was first shown to possess ATP-dependent DNA unwinding activity in 197690.
Based on a structure of RecBCD bound to DNA, a model was proposed in which the RecB and
RecD motors translocate along the ssDNA strands, while pulling the DNA duplex across a
that mechanically separates the base pairs5,59. In this
model, base pair separation and enzyme translocation are tightly coupled. Another model has
been proposed where RecBCD melts a number of base pairs in an ATP-independent
manner41,42,58. RecBCD then translocates along the resulting ssDNA using ATP binding and
hydrolysis until it reaches the DNA duplex, resetting the enzyme to repeat the DNA melting step
(Fig. 4). This second model implies ssDNA translocation and DNA base pair melting are
separable processes. Support for this model includes the observation that RecBCD can melt 4-11
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bp upon binding to a blunt DNA end 21,59,84,88,91, that RecBCD unwinds DNA with a kinetic step
size of ~ 4 bp41,42,44,71,82, that RecBC hydrolyzes the same amount of ATP during ssDNA
translocation as it does during dsDNA unwinding, suggesting that ATP hydrolysis is used
primarily for translocation60, and also that the processive unwinding of at least 80 bp can occur
in the absence of canonical RecB and RecD motor translocation58.
Role of the Nuclease Domain
The nuclease domain is a 30 kDa protein domain attached to the N-terminal RecB motor
domain via ~60 amino acid linker11,59,64,70 (Fig. 3). In all available RecBCD-DNA structures in
which the nuclease domain is visible, the nuclease domain is observed opposite the site of
interaction with the duplex DNA 59,64,70. The canonical role of the nuclease domain is in DNA
degradation63,92,93. In the context of DNA repair of the E. coli genome, the DNA degradation
activity must be carefully regulated as to not degrade the entire genome14,25,26,94

96.

above,

-ended DNA

-

strands; however, upon recognition of a
only the

As described

sequence, the nuclease activity switches to degrade

-ended ssDNA end and is also involved in loading of RecA protein on to the 3 -ended

ssDNA strand27,37,93,97. Interestingly, the proposed site of interaction of the nuclease domain with
the RecA protein is buried within all of the available RecBCD structures. These changes in
nuclease activity during homologous recombination, and in particular, the proposed site of
interaction of the nuclease domain with RecA protein, suggests that the nuclease domain must be
able to undock and move from its site in the RecBCD-DNA structures in order to carry out these
functions37. Concurrent with changes in nuclease activity, RecBCD changes its dsDNA
unwinding rate31, leading to the hypothesis that the nuclease domain may affect the DNA
unwinding activity of RecBCD.
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Studies performed with a RecBCD variant, where the nuclease domain was removed
(RecB

CD) (Fig. 3B) demonstrate that the nuclease domain does affect some activities of

RecBCD beyond its canonical role in DNA degradation. These results, described below in more
detail, suggest that the nuclease domain plays a regulatory role in DNA binding, ATPindependent DNA melting, and DNA unwinding activities. This was an unexpected result, as all
structures in which the nuclease domain is resolved shows it far removed from the duplex DNA
binding site of RecBCD.
Structural Properties
We performed studies with a RecBCD variant, in which the nuclease domain was deleted
(RecB

CD) (Fig. 3D). Recently, cryo-EM structures of RecB

to DNA were solved (unpublished)98. RecB

CD and RecB

CD bound

CD binding to DNA (Fig. 3D) shows only ~4 bp

melted, with very low RecD density, similar to the second class of RecBCD-DNA cryo-EM
structures70. This structure suggests that RecB

CD binding to a blunt DNA end results in a

decreased extent of DNA base pair melting as well as a decrease in the stability of RecD.
The effects of the deletion of the nuclease domain on RecBCD activities
RecB

CD binds with higher affinity, up to 12-fold higher, to DNA ends than

RecBCD98. Experiments designed to examine dsDNA unwinding in the absence of canonical
translocation by RecBCD using reverse polarity switches in the DNA backbone showed that the
ability of RecBCD to unwind beyond a reverse polarity switch was dependent on the presence of
the RecB nuclease domain58. This effect was specific to the loss of the nuclease domain, as
RecBD1080ACD, containing a point mutation in the nuclease active site that eliminates nuclease
activity, was still able to unwind DNA beyond the reverse polarity switches58. These results
suggest an allosteric effect of the nuclease domain and that the nuclease domain influences DNA
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unwinding. Preliminary experiments showed that removal of the nuclease domain also decreased
the rate of normal dsDNA unwinding58.
Focus of this dissertation
Our ultimate goal is to better understand the mechanism by which helicases unwind
DNA. As RecBCD is a model system for helicases and has been studied extensively, we used
RecBCD to interrogate this relationship. More specifically, we wanted to address the how the
nuclease domain influences dsDNA unwinding. As discussed above, the nuclease domain has
unexpected effects on RecBCD activities, including effects on DNA binding, base pair melting
and unwinding in the absence of canonical motor translocation58,70,98. As such, we speculated
that the nuclease domain may be directly involved or regulate the DNA unwinding activity of
RecBCD.
The aim of this dissertation was to determine how the nuclease domain affects the ssDNA
translocation, dsDNA unwinding and DNA melting activities of RecBCD. Such information
would contribute to our understanding of the unwinding mechanism of RecBCD. In Chapter 2, I
present methods for an improved recombinant RecBCD purification strategy. These purification
modifications facilitated obtaining sufficient protein for the ensemble kinetic experiments
presented in Chapters 3 and 4, as well as the ensemble binding experiments presented in Chapter
5. In Chapter 3, I examined the kinetics of ssDNA translocation and dsDNA unwinding by
RecB

CD, a variant in which the nuclease domain was deleted using single-turnover

fluorescence stopped-flow. These results showed that deletion of the nuclease domain slowed the
dsDNA unwinding mechanism but had negligible effects on the rates of ssDNA translocation.
These data support an unwinding model in which translocation and strand separation are
separable processes. In Chapter 4, I assessed the kinetics of dsDNA unwinding from DNA ends
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-

single stranded (ss) DNA tails and evaluated how the

kinetics were altered by the absence of the nuclease domain. As these kinetic data show that the
nuclease domain promotes initiation of DNA unwinding from a blunt DNA end and increases the
rate of DNA unwinding, without an effect on ssDNA translocation, we speculated that this might
be due to more efficient DNA melting facilitated by the nuclease domain. To address this, in
Chapter 5, I performed preliminary ensemble binding and single molecule experiments to
directly examine ATP-independent DNA melting, using numerous fluorescently labeled DNA
constructs. Although preliminary, this work will certainly aid in the experimental design of
future fluorescence-based studies to examine the kinetics and dynamics of DNA melting by
RecBCD.
From a technical standpoint, this thesis includes updated protocols for purifications and
computational advances in n-step kinetic model data fitting and simulations. Driven by
quantitative kinetics, we ultimately propose a novel role for the nuclease domain in the
regulation of DNA unwinding by RecBCD. More broadly, the work adds to our current
understanding of helicase mechanisms, and how proteins in general can unwind DNA, a process
essential to cellular life.
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A.

B.

Figure 1. Activities of SF-1 and SF-2 helicases/translocases. A. Translocases (blue) use NTP
hydrolysis to move directionally along single strands of DNA. B. Helicases (purple) unwind
DNA using NTP hydrolysis to move directionally along the DNA and catalyze the disruption of
DNA base pairs. Figure adapted from Lohman, Tomko and Wu 20082.
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Figure 2. Schematic of homologous recombination (HR) in double strand break (DSB) repair in
E. coli. A. HR is initiated when RecBCD (orange triangle) binds to the exposed DNA ends of the
single-stranded (ss) DNA strands via its nuclease activity. RecBCD catalyzed unwinding and
degradation of the E. coli genome is regulated in cis by an overrepresented eight nucleotide DNA
-GCTGGTGGthe crossover hotspot instigator (chi or ) site (red arrow).
B. After recognizing a
ended ssDNA, but
-ended strand. RecBCD then catalyzes the loading
of the recombinational protein, RecA (green circles)
C. The RecA filament searches for
homologous DNA sequences (blue) as a template to repair the damaged DNA, and eventually
catalyzes DNA strand invasion of a homologous DNA duplex. D. This leads to formation of two
Holliday junctions, and E. the resolution of these junctions results in repaired dsDNA molecules.
14

A.

B.

C.

D.

Figure 3. Primary and cryo-EM structures of RecBCD and RecB CD. A. Primary structure of
RecBCD with the total amino acids of each subunit indicated in paratheses. In RecB, the Nterminal domain (red) is the motor domain with the seven characteristic SF-1 helicase motifs
(numbered). The C-terminal domain (purple) contains the nuclease domain with the site of
nuclease activity highlighted as
In RecB CD, this domain (amino acids 930-1180) is
deleted. The RecC subunit (blue) with the region implicated in Chi recognition indicated. The
RecD subunit (green) contains the seven conserved SF1 helicase motifs (numbered). B. and C.
show cryo-EM structures of RecBCD bound to blunt ended DNA. The RecB, C, and D subunits
are shown in the same colors as the primary sequence. The arm domain of RecB is behind the
DNA duplex. B. Class 1 of RecBCD-DNA cryo-EM structure shows ~ 11 bp melted from a blunt
end and strong density for the nuclease domain and the majority of the RecD subunit. C. Class 2
of RecBCD-DNA cryo-EM structure shows only ~ 3-4 bp melted from the DNA end. The
nuclease domain is not visualized and density for the RecD subunit is weak. Thorough
characterization has shown that all subunits are present in the sample. D. Cryo-EM structure of
RecB CD bound to blunt ended DNA98. Subunits are shown in the same colors as the primary
sequence. RecB CD melts ~ 4 bp from the blunt DNA end, and like class 2 of the RecBCDDNA structure shows low RecD subunit density. Figures adapted from Dillingham and
Kowalczykowski 2008 for the primary structure11 and Hao, Zhang, and Lohman 2021 for the
cryo-EM structures of RecBCD-DNA70.
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Figure 4. Proposed model for dsDNA unwinding
by E. coli RecBCD. RecBCD binds to the blunt
end of a duplex DNA melts 4-6 bp of the duplex
DNA in an ATP-independent manner using the
free energy of binding. RecBCD then translocates
along the resulting ssDNA, hydrolyzing 1
ATP/motor/nt until it reaches the duplex DNA.
ATP binding/hydrolysis resets the enzyme so that
RecBCD can melt another 4-6 bp and then
translocate along the newly formed ssDNA
tracks. These DNA melting and ssDNA
translocation steps are repeated during processive
DNA unwinding. Figure adapted from Lohman
and Fazio 201818.
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Chapter II
Purification of RecBCD and RecBΔnucCD and novel conversion
and recovery of RecBCD hetero-trimeric species from
kinetically trapped hetero-hexamer species
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Abstract
The hetero-trimeric E. coli RecBCD, which has two motor domains and a nuclease
domain, is a model system for studying DNA helicases. RecBCD plays a role in the major
homologous recombination pathway in E. coli. Purifications of RecBCD have been complicated
by the presence of a RecBCD hetero-hexamer along with the hetero-trimer. Steps can be taken to
separate these species but result in significant loss of final purified protein product. Here we
present a protocol for RecBCD hetero-trimer purification that includes the conversion and
recovery of purified hetero-trimer RecBCD from a hetero-trimer (RecBCD)/hetero-hexamer
(Rec(BCD)2) mixture using high to low salt dialysis, reducing the loss of purified protein by
nearly half. Additionally, we provide protocols for protein precipitation preceding the
chromatography steps commonly used in RecBCD purifications. The combination of protocol
improvements and the novel conversion of hetero-hexamer to hetero-trimer increased the yield of
RecBCD by 10-fold compared to purifications that did not employ these steps. We also describe
purification of RecBΔnucCD, a variant of RecBCD in which the RecB nuclease domain has been
deleted. In this purification, no hetero-hexamer formation occurs, suggesting that the RecBCD
hetero-hexamer may result from a swap of the nuclease domains between two RecBCD heterotrimers. The purification and conversion and recovery steps described here may also be
applicable to other proteins that form kinetically trapped species during purification.
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Introduction
Helicases are ubiquitous in biology and play vital roles in DNA metabolism, including
replication, repair and recombination1–3. This study focuses on the E. coli helicase RecBCD,
which initiates the major pathway of homologous recombination in E. coli by unwinding DNA
from a double strand break and is also involved in loading RecA protein for strand invasion4,5.
RecBCD has an additional role in degrading foreign DNA within E. coli 6,7. The hetero-trimeric
RecBCD complex is composed of two superfamily 1 (SF-1) ATPase motors, RecB and RecD,
which translocate in a 3’ to 5’ and 5’ to 3’ direction, respectively, and work in concert on
opposite strands to move in the same net direction along double strand (ds)DNA8–10. RecC acts
as a scaffold for the ATPase subunits and contains the site for recognition of the crossover
hotspot instigator (chi or !) DNA sequence (5’-GCTGGTGG-3’), which regulates the dsDNA
unwinding activities of RecBCD in E. coli11,12. RecBC is also a processive helicase, and in the
context of both RecBC and RecBCD, RecB possesses a secondary translocase activity13–15. The
RecB subunit also contains a nuclease domain that is attached to the motor via a ~60 amino acid
linker, which is responsible for nuclease activity and is the site of RecA interaction16–19. A
RecBCD nuclease domain deletion variant (RecBΔnucCD) shows significantly increased binding
affinity to DNA ends20 but inhibits the ability to unwind past reverse polarity blocks in the DNA
backbone21. Additionally, deletion of the nuclease domain significantly slows dsDNA unwinding
by RecBCD21. These results were unexpected as the nuclease domain is not positioned to interact
with the duplex DNA in any reported RecBCD-DNA structures22–24. However, recent cryo-EM
structures demonstrate the conformational heterogeneity of the nuclease domain and support the
hypothesis that the nuclease domain is dynamic and can transiently undock from its position seen
in the RecBCD structures20.
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Despite the multitude of RecBCD studies since the 1970s, there remain many questions
regarding the mechanism of unwinding by RecBCD and helicases more broadly25. Biophysical
work to understand and characterize the ATPase, nuclease, unwinding and translocation
activities of RecBCD requires large quantities of highly pure, active protein. We and others have
found that one difficulty in acquiring adequate amounts of RecBCD is that a significant portion
of the purified protein forms a hetero-hexamer of RecBCD (Rec(BCD)2), based on an
approximate molecular weight twice that of RecBCD21,26,27. Early biochemical studies also
recognized this hetero-hexameric form of RecBCD, and it was assumed that Rec(BCD)2
formation was induced due to the high levels of protein overexpression26–28. Functionally,
Rec(BCD)2 has been shown to have much lower (~25%) ATP-dependent nuclease activity than
RecBCD26, and as a result, the hexamer is not believed to be relevant biologically. Interestingly,
we find that RecBΔnucCD does not form a hexameric species during expression and purification.
This leads us to hypothesize that formation of the hetero-hexamer results from two RecBCD
trimers “swapping” nuclease domains, a result of the dynamic undocking of the nuclease domain
from the RecB motor domain.
Previous purification procedures were developed using a heparin column to separate
hetero-trimeric RecBCD from mixtures of RecBCD and (RecBCD)2 26. While the ability to
separate these species is useful, it results in large losses of protein. Here, we have tested the
ability of various solution conditions (i.e. salt and pH) to “recover” the hetero-trimer from the
hexameric species. We found that dialyzing the hexamer in high salt (2 M NH4Cl) and back to
low salt results in the best recovery of homogeneous and active RecBCD hetero-trimer.
In addition to the development of this recovery protocol, we have implemented a
polyethyleneimine precipitation step and optimized the liquid chromatography steps of the
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RecBCD purification, resulting in an overall 10-fold increase in purification yields. Here, we
outline these purification steps and show that RecBCD hetero-trimer obtained from the heterohexamer possesses the same properties as RecBCD originally purified as hetero-trimer. We also
describe a novel purification of RecBΔnucCD and show that the deletion of the nuclease domain
eliminates the formation of the hexameric species.

Materials and Methods
Buffers
Reagent grade chemicals and double-distilled water further deionized with a Milli-Q
purification system (Millipore Corp., Bedford, MA) were used to make all buffers. Buffer A is
50 mM Tris HCl, pH 7.5 at 25°C, 10% (v/v) sucrose. Buffer B (sometimes referred to as
“Polymin P resuspension buffer” in NF notebooks) is 50 mM Tris-HCl pH 7.9 at 4°C, 10% (v/v)
glycerol, 1 mM EDTA, 1 M NaCl. Buffer C is 20 mM potassium phosphate, pH 6.8 at 4°C, 0.1
mM β-mercaptoethanol, 0.1 mM EDTA, 10% (v/v) glycerol. Varying concentrations of NH4Cl
are added to buffer C. Buffer C- indicates no added salt. A 5% (w/v) polyethyleneimine (PEI)
(Millipore-Sigma) pH 7.9 stock was made as described29 and stored at 4°C until use. Buffer M is
20 mM MOPS-KOH (pH 7.0), 5% (v/v) glycerol, 30 mM NaCl, 10 mM MgCl2, 1 mM βmercaptoethanol. The concentration of stock MgCl2 solutions was determined by measuring the
refractive index using a Mark II refractometer (Leica Inc., Buffalo, NY) and related to the
[MgCl2] using a standard table30.
Protein expression
RecBCD was expressed with the pTRC99a plasmid in E. coli strain V283131.
RecBΔnucCD containing a deletion of amino acids 930-1180 of RecB was expressed with pPB800 and
pPB520 plasmids in E. coli strain V2601, a variant of V186 expressing the lacIq gene32. V2831
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and V2601 contain deletions of the chromosomal recB, recC, and recD genes31. Overnight
cultures were diluted 1:50 in 500 ml LB media and grown at 37°C shaking at 280 rpm. RecBCD
was grown in the presence of 50 µg/ml ampicillin and 20 µg/ml chloramphenicol and
RecBΔnucCD was grown with 50 µg/ml ampicillin, 20 µg/ml chloramphenicol and 50 µg/ml
thymine. Protein expression was induced at OD600 = 0.4 - 0.8 AU with 1 mM IPTG. Cells were
grown overnight (~12 hours) at 37°C and harvested by centrifugation. The resultant cell pellets
were stored at -80°C until further use. We typically obtained ~25 g of cell pellet from 6 L of
growth for our protein preparations.
RecBCD Purification
The purification protocol was adapted from previous studies21,33,34 and is schematically
shown in Figure 1. All steps are performed at 4°C unless otherwise noted. The frozen cell pellet
(~25 g) was thawed and resuspended in buffer A (100 ml/25 g cells). The resuspended cells were
lysed with 0.01 mg/ml lysozyme, 1 mM PMSF and 1 mM β-mercaptoethanol, stirring slowly.
After 0.5-1 hour stirring, NaCl was added to 0.1 M and lysate was stirred another 20 minutes.
Lysate was warmed to 20°C using a 37°C water bath, stirring lightly. The lysate was sonicated
on ice at 50% amplitude, 1 second on/1 second off for 10 minutes (for 80-100 ml). The lysate
was cleared by centrifuging in a JA-14 rotor (Beckman) at 14k rpm for 90 minutes.
PEI Precipitation
Polyethyleneimine (PEI) precipitation “Strategy C” from Burgess Methods in
Enzymology (1991) was employed29 as outlined in Figure 1A. A 5% PEI solution was added
dropwise to the cleared cell lysate to a final concentration of 0.3%, resulting in the precipitation
of RecBCD with DNA. The precipitate was pelleted via centrifugation at 8k rpm for 20 min. The
supernatant was discarded, and the pellet was resuspended vigorously in buffer B. The solution
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was again cleared by centrifugation at 8k rpm for 20 min. After centrifugation, RecBCD is in the
supernatant while the nucleic acids remain in the precipitate.
Ammonium sulfate precipitation
Ammonium sulfate (Sigma) was added to 50% saturation (314 g/L) to the cleared
resuspended pellet from the PEI precipitation. The ammonium sulfate was added slowly in three
approximately equal parts, stirring 15 minutes between additions. The precipitate was pelleted by
centrifugation at 10k rpm for 30 min. The PEI-containing supernatant was discarded and the
pellet, containing RecBCD, was resuspended in a volume of buffer C- such that the final
conductivity of the sample is approximately that of buffer C + 0.1 M NH4Cl (~7-9 mS).
Chromatographic purification of RecBCD
Figure 1B shows the flow of the chromatographic portion of the RecBCD purification.
The resuspended ammonium sulfate pellet was applied to a 50 ml POROS anion exchange HQ
(referred to as simply HQ) column (ThermoFisher Scientific, Waltham, MA) equilibrated in
buffer C + 0.1 M NH4Cl. The HQ column was then washed in two column volumes (100 ml) of
buffer C + 0.15 M NH4Cl and eluted with a linear gradient from 0.15 M to 0.5 M NH4Cl in
buffer C, using a total of three to four column volumes (150-200 ml) and collecting 6 ml
fractions. The RecBCD-containing fractions were identified by SDS-PAGE (Supp. Fig. 1A) and
were combined and dialyzed versus buffer C- to a conductivity matching buffer C + 0.1 M
NH4Cl (~7-9mS). We have eliminated the use of the Ceramic Hydroxyapatite (CHT) I column,
previously used to remove RNA polymerase (RNAP)33. RNAP removal is now accomplished
with the Hitrap Heparin HP column. The dialyzed fractions from the HQ column are loaded onto
a 25 ml ssDNA cellulose column (equilibrated in buffer C + 0.1 M NH4Cl). After the sample is
loaded, the column was washed in three to four column volumes (75-100 ml) buffer C + 0.1 M
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NH4Cl and eluted with a linear gradient from 0.1-0.5 M NH4Cl in buffer C over four column
volumes (90-100 ml). Fractions containing RecBCD (Supp. Fig. 1B) were combined and
dialyzed vs. buffer C- to a conductivity matching buffer C + 0.1 M NH4Cl (~7-9 mS) and applied
to a Hitrap Heparin HP column (two 5 ml HiTrap Heparin HP affinity columns linked together in
tandem, Cytiva, Marlborough, Ma). This separates RecBCD hetero-trimer from a mixture of
hetero-trimer RecBCD and hetero-hexamer (Rec(BCD)2)21 as well as any remaining extra RecB
and RNAP. The column was eluted with a linear gradient elution of 0.1-0.5 M NH4Cl in buffer
C over eight column volumes (~80ml). The resulting elution contained three main peaks (Fig.
3A). Peak 1 contains RecBCD hetero-trimer and peak 2 contains a RecBCD/Rec(BCD)2
mixture. Peak 3 contains RecB. Fractions from each peak were collected and analyzed by 8%
SDS PAGE and a 5% native gel (5% polyacrylamide (29:1), 50 mM MOPS-KOH pH 7.0) (Fig.
3B and C). Fractions containing only RecBCD hetero-trimer were collected and dialyzed into
buffer C- for storage at -80°C, while fractions containing RecBCD/Rec(BCD)2 mixture go
through the following “recovery” protocol to recover hetero-trimeric RecBCD.
Hetero-hexamer conversion to hetero-trimer and recovery of purified hetero-trimer
The recovery protocol converts much of the Rec(BCD)2 hexamer to hetero-trimeric
RecBCD (Fig. 1B). Fractions containing Rec(BCD)2 were dialyzed vs. buffer C + 2 M NH4Cl
for 4-8 hours and then dialyzed vs. buffer C- to a conductivity matching buffer C + 0.1 M NH4Cl
(~7-9 mS). The dialyzed sample was applied to the HiTrap Heparin HP column as described
above to separate converted hetero-trimer from any remaining hetero-hexamer. The majority of
the Rec(BCD)2 is converted to hetero-trimer (Fig. 4) (discussed further in Results) and is
collected and dialyzed vs. buffer C-. For storage, RecBCD was aliquoted and flash-frozen in
liquid nitrogen and stored at -80°C. RecBCD concentration was determined by an absorbance
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spectrum in buffer C-, using an extinction coefficient33 of ε280=4.5×105 M-1cm-1. As a result of
implementing the improvements to the purification protocol and the recovery steps, we improved
the final yield of pure, hetero-trimeric RecBCD 10-fold, going from ~2.5 mg to 25 mg of active
RecBCD.
RecBΔnucCD Purification
RecBΔnucCD purification is done using the same protocol as above for RecBCD, except
that purification by the HiTrap Heparin column is performed only once. There is no need to do
the hexamer rescue protocol because RecBΔnucCD does not form a hexamer. Supplemental
Figure 2 shows the SDS-PAGE fraction analysis from all chromatographic steps of the
RecBΔnucCD purification.
Sedimentation Velocity
Analytical ultracentrifugation was used to analyze the species distribution of the RecBCD
and RecBΔnucCD samples. Sedimentation velocity experiments performed in an Optima XL-A
analytical ultracentrifuge (Beckman Coulter, Fullerton, CA, USA) at 42,000 rpm at 25°C using
an An50Ti rotor and monitoring absorbance at 280nm. The sample (0.5-1 µM) (400 µl) and
buffer (410 µl) were loaded into each sector of an Epon charcoal-filled two-sector centerpiece.
Absorbance data were collected by scanning the sample cells at intervals of 0.003 cm. The data
were analyzed using SEDFIT35, to obtain the continuous sedimentation coefficient distribution,
c(s), which is used to determine the species distribution of a sample35. Purity of the RecBCD
hetero-trimeric complex was estimated via the ratio of the integrated individual sedimentation
species relative to the entire integrated area over the entire sedimentation range. To compare
sedimentation coefficients obtained in different solution conditions, the calculated sedimentation
coefficient, sexp, was converted to s20,w using equation (1),
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where the (exp and )exp are the density and viscosity of the experimental buffers at 25°C and (20,w
and )20,w are the density and viscosity of the water at 20°C. υ20 and υ25 are the partial specific
volumes of RecBCD at 20°C (0.73430 ml/g) and 25°C (0.73642 ml/g) and RecBΔnucCD at 20°C
(0.73429 ml/g) and 25°C (0.73641 ml/g). Buffer density, (, and viscosity, η, and partial specific
volumes were calculated using SEDNTERP36.
DNA
Oligodeoxynucleotides were synthesized using a MerMade 4 synthesizer (Bioautomation,
Plano, TX) with phosphoramidate reagents (Glen Research, Sterling, VA) and purified as
described37. The concentration of each oligodeoxynucleotide was determined
spectrophotometrically by digesting with phosphodiesterase I (Worthington, Lakewood, NJ) in
PBS buffer at 25°C to form a mixture of mononucleotides21. The absorbance of the resulting
mixture of mononucleotides was measured at 260 nm. The extinction coefficient at 260 nm was
calculated as the sum of individual mononucleotides (ε260=15,340 M-1 cm-1 for AMP, ε260=7600
M-1 cm-1 for CMP, ε260=12,160 M-1 cm-1 for GMP, ε260=8700 M-1 cm-1 for TMP)38 and ε260=4930
M-1 cm-1 for Cy3 (Glenn Research) based on the sequence of each DNA strand (Supp. Table 1).
Double-stranded DNA substrates were formed by annealing equal amounts of the two
corresponding single stranded oligodeoxynucleotides. The mixture was heated to 95°C for 5
minutes and allowed to cool slowly to 25°C.
DNA binding activity assay
RecBCD or RecBΔnucCD-DNA binding isotherms were determined by fluorescence
titrations performed as described21,32,39,40 using a PTI QM-4 fluorometer (Photon Technology
International, Lawrenceville, NJ) with a Xe lamp. Slit widths were set at 0.2 nm and 0.8 nm for
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excitation and emission, respectively. The sample temperature was set to 25°C and controlled
using a Lauda RM6 recirculation water bath (Brinkmann, Westbury, NY). Experiments were
performed using Type 3 quartz fluorometer cuvettes (3.5 ml) with 10 mm pathlength (NSG
Precision Cells Inc., Farmingdale, NY). RecBCD or RecBΔnucCD binding to a reference DNA
(Fig. 6) was measured in a cuvette with 1.9 ml of buffer M, containing the DNA substrate and 6
µM of Bovine serum albumin (BSA) (Sigma St. Louis, MO). BSA stock concentration was
determined by absorbance using an extinction coefficient 39 of ε280 = 4.3×104 M-1cm-1 in buffer
M. BSA was used to prevent RecBCD or RecBΔnucCD from sticking to cuvette walls as
described34,39. The initial Cy3 fluorescence intensity from the DNA substrate alone (F0) was
recorded after the Cy3 emission signal equilibrated. RecBCD or RecBΔnucCD (~1 µM) was
titrated into the cuvette containing the Cy3-labeled DNA substrate (10 nM). Cy3 fluorescence
was monitored by exciting at λex = 515 nm and monitoring fluorescence emission at λem= 563
nm. The sample solutions in the cuvettes were continuously stirred using a Teflon coated P-73
cylindrical magnetic stir bar (diameter of 8 mm, NSG Precision Cells Inc)39. Upon each addition
of RecBCD or RecBΔnucCD, the solution was stirred for at least 3 min or until Cy3 emission
signal stabilized before Cy3 fluorescence intensity (Fobs,i) was recorded. The recorded signal
(Fobs,i) was corrected for background fluorescence using a cuvette with only buffer and 6 *M
BSA (Fb,i). The corrected fluorescence (Fcorr,i) at each titration point was corrected for dilution
and background41 using equation (2),
(
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where V0 is the volume before the first addition and Vi is the volume after the ith addition. We
define Cy3 enhancement as the observed relative fluorescence change (∆Fobs) as in equation (3),
∆,./0 =
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where (Fcorr,0) is the initial background-corrected fluorescence of the reference DNA alone.
RecBCD or RecBΔnucCD was added until the Cy3 fluorescence intensity signal was saturated, i.e.
did not change upon further addition of RecBCD or RecBΔnucCD. These experiments were
performed in buffer M, a solution condition where binding affinity is too high to accurately
measure the binding affinity. However, under these tight binding conditions, a plot of Cy3
enhancement (∆Fobs) versus [BCD]tot/[DNA]tot can be used to determine the binding
stoichiometry of RecBCD or RecBΔnucCD to DNA ends, revealing the overall activity of the
RecBCD or RecBΔnucCD samples.

Results
Polyethyleneimine precipitation of RecBCD
Precipitation is a common strategy in protein purification. Performing precipitation by
polyethyleneimine (PEI), also called Polymin P (Sigma), is particularly useful for purifying
DNA binding proteins29,42. PEI is a positively charged polymer at neutral pH, so it precipitates
nucleic acids and negatively charged proteins through charge neutralization interactions. These
interactions are dependent on pH, salt concentration, and salt type, such that the optimal
conditions for PEI precipitation must be determined empirically29.
We empirically determined the optimal conditions for purifying RecBCD, which was also
used for RecBΔnucCD, following “Strategy C” in Burgess 199129, outlined schematically in
Figure 1A. We added 5% PEI stock solution to 2 ml of cleared cell lysate in increasing
increments of 0.05% from 0.05-0.45% PEI. The sample was centrifuged to pellet the precipitate,
and the supernatant was analyzed on an 8% SDS denaturing gel (Fig. 2A). Disappearance of
RecBCD bands at ≥ 0.3 % PEI on the gel indicates that this amount of PEI is sufficient to
precipitate RecBCD. To resuspend RecBCD from the pellet, we vigorously disrupted (pipette up
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down) the pellet in 2 ml of buffer B + 1 M NaCl, a higher salt concentration compared to the
buffer used to initially to precipitate RecBCD (Fig. 2B). We also attempted resuspension in
buffer B + 0.5 M NH4Cl but observed increased RecBCD resuspension as determined by SDS
denaturing gel (data not shown). The sample is then centrifuged to pellet the insoluble fraction.
The supernatant was analyzed by 8% SDS denaturing gel (Fig. 2B). Optimal conditions for the
PEI precipitation of RecBCD are 0.3 % PEI followed by resuspension in buffer B + 1 M NaCl.
Ammonium Sulfate Precipitation
Ammonium sulfate precipitation following the PEI precipitation removes any remaining
PEI and provides additional purification29. The conditions for optimal ammonium sulfate
precipitation again must be determined empirically. We added incremental amounts of
ammonium sulfate to aliquots of resuspended PEI pellet to precipitate RecBCD. After
centrifugation, the supernatant containing the remaining PEI was discarded and the pelleted
precipitate was resuspended in buffer C- and analyzed on an 8% SDS denaturing gel (Fig. 2C).
Adding ammonium sulfate to the cleared resuspended pellet from the PEI precipitation to reach a
concentration of 50% saturation (314 g/L) was determined to be optimal. The ammonium sulfate
pellet was resuspended in buffer C- to a conductivity of ~7-9 mS.
Chromatographic Purification
Following the precipitation steps, the resuspended ammonium sulfate pellet containing
RecBCD was applied to a 50 ml HQ column and eluted as described in Materials and Methods.
Fractions containing RecBCD (Supp. Fig. 1A) were pooled and dialyzed vs. buffer C- to reduce
conductivity to 7-9 mS. This sample was then applied to a 25 ml ssDNA cellulose column and
eluted as described in Materials and Methods. Again, fractions containing RecBCD as
determined by SDS-PAGE (Supp. Fig. 1B) were pooled and dialyzed vs. buffer C- to a
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conductivity of 7-9 mS. For the final step in the chromatographic purification, RecBCD was
loaded onto a HiTrap Heparin HP column, which is used to separate RecBCD hetero-trimer from
hetero-hexamer Rec(BCD)2 21 and additionally separates excess RecB and any remaining RNA
polymerase. Elution from this column yields three peaks (Fig. 3). The first elution peak (20-30
mS/cm) is RecBCD hetero-trimer; the second, which follows closely to the first (32-40 mS/cm)
is a mixture of hetero-trimer and hetero-hexamer, and the third (40-45 mS/cm) is primarily RecB
(Fig. 3B). Analytical ultracentrifugation sedimentation velocity experiments were used to
quantify the relative amounts of RecBCD from peak one versus the RecBCD/Rec(BCD)2
mixture from peak two from the HiTrap Heparin HP column elution (Fig. 4A). Peak one is
nearly homogenous hetero-trimeric RecBCD, while peak two is a RecBCD/(RecBCD)2 mixture
(Fig. 4A). The relative amounts of RecBCD and Rec(BCD)2 varied between purifications (data
not shown), but a particular cause or influence could not be identified. The sedimentation
velocity experiments of RecBCD hetero-trimer from peak one in buffer C- show that the sample
is 92% homogeneous hetero-trimer s20,w =11.8 S with an estimated molecular weight of 315 kDa
versus the molecular weight calculated from the amino acid sequence of 330 kDa known for
RecBCD (Fig. 4A). The sedimentation velocity of the RecBCD/(RecBCD)2 mixture in buffer Cis 47% RecBCD at s20,w =11.8 S and 48% Rec(BCD)2 at s20,w =17.0 S, with estimated molecular
weights of 315 kDa and 560 kDa, respectively (Fig. 4A). Another sedimenting species was
detected at s20,w = 7.5 S with an estimated molecular weight of 111 kDa, which is 5% of the
signal, likely corresponding to RecB (134 kDa) or RecC (129 kDa) subunits.
Hexamer Rescue
As noted, we observe a significant amount of hetero-hexamer species during purification
of RecBCD. This species contains each of the RecB, RecC, and RecD subunits, and is
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approximately twice the molecular weight of RecBCD, hence the assumption that it is a heterohexamer26. Previously, the hetero-hexamer form was discarded as it showed lower activity and is
not thought to be biologically relevant and could not be converted to hetero-trimer26. It appears
that Rec(BCD)2 is a kinetically trapped species, as we have not observed equilibration of purified
RecBCD into Rec(BCD)2 or Rec(BCD)2 into RecBCD.
Here, we developed a protocol to recover active hetero-trimer RecBCD species from the
RecBCD/Rec(BCD)2 mixture. This was accomplished by testing various solution conditions such
as concentrations and types of salt, pH, and increased concentrations of reducing agent, which
we hypothesized would influence the relative distributions of RecBCD and Rec(BCD)2 and drive
the equilibrium to favor the hetero-trimer.
Samples that originally started as a mixture of the hetero-trimer and hetero-hexamer were
subjected to dialysis into different solution conditions. Analytical ultracentrifugation
sedimentation velocity experiments were performed to analyze the species distribution of each
sample and quantify the effectiveness of each condition to recover hetero-trimeric RecBCD (Fig.
4).
pH
Buffer C at pH 6.8 is typically used throughout the purification of RecBCD. We
examined the use of pH to convert a RecBCD/Rec(BCD)2 mixture to primarily RecBCD heterotrimer by dialyzing fractions from peak 2 from the elution from the HiTrap Heparin column vs.
buffer C- at pH 5.8, 6.8 or 7.8. We analyzed the samples using sedimentation velocity. At both
5.8 and 7.8, the Rec(BCD)2 complex was dissociated (Fig. 4B). At pH 7.8, we observed a
mixture of RecBC (s20,w = 10.8 S) and individual RecB and RecC subunits (s20,w = 7.6 S). At pH
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5.8, we observe a mixture of RecBCD (s20,w = 11.8 S) and individual RecB and RecC subunits
(s20,w = 7.6 S). The sample at pH 6.8 showed no significant change, as expected (Fig. 4B).
Reducing Agent
We also tried dialyzing the RecBCD/Rec(BCD)2 mixture in high concentrations of
reducing agents (100 mM DTT). The high [DTT] did result in the formation of hetero-trimer
(Fig. 4C), but the conversion was not consistently repeatable, and therefore not further pursued.
Salt
Dialyzing the RecBCD/Rec(BCD)2 mixture vs. high salt buffer resulted in reproducible
success in recovering hetero-trimer. We dialyzed Rec(BCD)2 in varying concentrations of NaCl
(Fig. 4D) and NH4Cl (Fig. 4E). Below concentrations of 2 M of either NaCl or NH4Cl, we did
not observe significant conversion of Rec(BCD)2 to RecBCD (data not shown). Dialyzing the
RecBCD/Rec(BCD)2 mixture in buffer C + 2 M NaCl or buffer C + 2 M NH4Cl, followed by
dialysis vs. buffer C- to reduce the [salt], resulted in a significant increase in the ratio of
RecBCD:Rec(BCD)2. For 2 M NaCl, the ratio RecBCD:Rec(BCD)2 went from 47%:48% to
67%:33% (Fig. 4D). In buffer C + 2 M NH4Cl, the hexameric complex dissociates, and upon
dialysis back to low salt, the resulting sedimentation profile is over 80% hetero-trimer (Fig. 4E)
with a sedimentation coefficient of s20,w =11.8 S. When this sample was rerun over the HiTrap
Heparin column, the fractions from peak one are over 92% RecBCD hetero-trimer. The
extensive conversion and recovery, ease and reproducibility of buffer C + 2 M NH4Cl dialysis
made this the best method for recovery of RecBCD hetero-trimer. Once hetero-trimeric RecBCD
is separated from hexameric Rec(BCD)2, the species do not re-equilibrate into a mixture with up
to four days of dialysis in buffer C- or Buffer M at 4°C (data not shown). As a result, in these
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buffers, Rec(BCD)2 will not reform once RecBCD is separated on the HiTrap Heparin HP
column.
RecBΔnucCD purification
Purification of RecBΔnucCD was of interest in order to pursue the unexpected role of the
nuclease domain in dsDNA unwinding by RecBCD. We found that RecBΔnucCD behaved the
same as RecBCD in the precipitation steps (Supp. Fig. 2A), so the same conditions were used
with 0.3% PEI to precipitate RecBΔnucCD and was efficiently resuspended in buffer B.
Precipitation with 50% ammonium sulfate resulted in precipitation of RecBΔnucCD, as with
RecBCD. The same chromatography steps were taken for RecBΔnucCD as for RecBCD (Supp.
Fig. 2B and 2C). RecBΔnucCD eluted from each column at a higher [NaCl] compared to RecBCD.
The final step in the RecBΔnucCD purification is one passage over the HiTrap Heparin HP
column. The elution from this column yields one peak of pure and active RecBΔnucCD. The
sedimentation velocity experiments of RecBΔnucCD hetero-trimer in buffer C- shows that the
sample is 90% homogeneous hetero-trimer (s20,w =11.3 S) (Fig. 4F).
DNA Binding Activity
We performed fluorescence binding experiments to determine the activities of the
purified RecBCD and RecBΔnucCD. We measured the binding affinity to DNA ends in buffer M
at 25°C. At these conditions, RecBCD and RecBΔnucCD binds too tightly to DNA ends to
accurately measure the binding affinity, however, we are able to determine the activity of the
RecBCD sample by assessing the binding stoichiometry of RecBCD to DNA ends. Heterotrimeric RecBCD from the first peak of the first run of the HiTrap Heparin HP column, heterotrimeric RecBCD from the recovery protocol, or RecBΔnucCD was titrated to the DNA substrate
shown in Figure 5 in buffer M. The ratio of [enzyme] to [DNA] at the point of fluorescence
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signal plateau (indicated by the dashed line) represents the number of enzyme molecules that are
needed to bind the DNA ends. A ratio of 2 enzyme molecules:1 DNA molecule is expected for a
fully active sample, as each DNA end is a binding site. A higher ratio would indicate that on
average not all enzyme molecules were active. We found that the RecBCD hetero-trimer from
the recovery protocol and from the first peak of the HiTrap Heparin elution both showed the
same stoichiometry of 2 [RecBCD]:1 [DNA], or 1 RecBCD per DNA end, indicating that heterotrimer produced in either manner are both active (Fig. 5). The binding stoichiometry of
RecBΔnucCD to DNA was also 2:1, indicating purification of active RecBΔnucCD.

Discussion
Here we have described improved methods to purify RecBCD and a novel protocol to
purify a nuclease domain deletion variant of RecBCD (RecBDnucCD). We also present methods to
convert RecBCD hetero-trimer from hexameric Rec(BCD)2, a non-biological species which has
been speculated to result from high expression levels in cells21,26. The recovery of RecBCD
hetero-trimer from the hetero-hexamer Rec(BCD)2 species was best accomplished using a high
(buffer C + 2 M NH4Cl) to low salt dialysis, in which the hexamer seems to dissociate at high
salt and reforms as hetero-trimer at low salt. Importantly, this hetero-trimeric RecBCD from this
recovery protocol did not differ in the sedimentation velocity profile or in binding activity from
the purified RecBCD hetero-trimer (Figs. 4 and 5). Because Rec(BCD)2 seems to be a kinetically
trapped product, we do not observe re-equilibration of hetero-trimer into RecBCD/Rec(BCD)2
mixture once separated. We suggest adopting rescue of the hetero-trimer as the final step in all
RecBCD purifications, as it not only increases the yield of the functional hetero-trimer, but also
provides a more homogenous sample for biochemical and biophysical characterizations. This
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type of methodology could aid in purification of other kinetically trapped proteins during
purification.
We do not observe formation of a hexamer species during the purification of RecBDnucCD
leading us to hypothesize that the hetero-hexamer is a result of the nuclease domain of one
molecule of RecBCD leaving the docked site seen in RecBCD-DNA structures and “swapping”
with the nuclease domain of another molecule of RecBCD. However, it is also interesting to note
that no (RecBC)2 was observed in experiments where RecBC was reconstituted from RecB and
RecC39 . This suggests that nuclease domain behaves differently in RecBC than in RecBCD
complexes, possibly reflecting a difference in nuclease domain dynamics in these two
complexes. The nuclease domain is attached to the RecB motor domain via a ~60 aa linker, and
recent cryo-EM structures found that the nuclease domain is not observed in the structure,
despite its confirmed presence in the protein complex24,43. It has been proposed that the
undocking of the nuclease domain may occur in response to recognition of the chi sequence
during homologous recombination in E. coli. Post chi-recognition, the RecBCD undergoes a
concerted change in the nuclease activity and a decrease in the rate of dsDNA unwinding as well
as loading RecA protein onto the 3’-terminated ssDNA strand19,44. In the proceeding chapters, I
demonstrate that the deletion of the nuclease domain unwinds dsDNA significantly slower than
RecBCD, suggesting that the slower unwinding observed post chi-recognition may be correlated
to the undocking of the nuclease domain. Additionally, the proposed interaction interface
between RecA protein and RecBCD is within the nuclease domain in a location that is occluded
when the nuclease domain is in its docked position19. These data suggest that the nuclease
domain is dynamic and has a role in RecBCD activity beyond its canonical role of DNA
degradation.
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Figure 1. Schematic overview of RecBCD and RecBΔnucCD purification. A. To the cleared cell
lysate, PEI is added to a final concentration of 0.3%. The PEI precipitate is resuspended in buffer
B. DNA remains in the precipitate and RecBCD and RecBΔnucCD are resuspended in the
solution. Resuspended RecBCD or RecBΔnucCD solution is precipitated with ammonium sulfate
at 50% saturation. The precipitated RecBCD or RecBΔnucCD is resuspended in buffer C-. B.
Resuspended RecBCD or RecBΔnucCD in buffer C- is purified on a 50 ml HQ column. Elution
fractions containing RecBCD or RecBΔnucCD are dialyzed vs. buffer C-. This is further purified
on a cellulose-ssDNA column. Elution fractions containing RecBCD or RecBΔnucCD are dialyzed
in buffer C-. This is again further purified on two connected 5 ml HiTrap Heparin HP columns.
For RecBCD, highlighted in red, elution fractions from Peak 1, which contain RecBCD
heterotrimer, are collected and dialyzed vs. buffer C- for storage. Elution fractions from Peak 2,
which contain RecBCD heterotrimer/hexamer mixture, are dialyzed vs. buffer C + 2 M NH4Cl
and then vs. buffer C-. This is re-purified over the HiTrap Heparin column where Peak 1,
containing RecBCD heterotrimer, is collected and dialyzed for storage. Any remaining
heterohexamer is discarded. For RecBΔnucCD, highlighted in blue, elution fractions from the
HiTrap Heparin HP elution are collected and dialyzed for storage.
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Figure 2. 8% SDS denaturing gels of empirical optimization of PEI and ammonium sulfate
precipitation. A. The absence of bands for RecBCD on the gel indicates that the RecBCD has
precipitated. RecBCD precipitates at 0.3% PEI. We determined that 0.3% PEI was optimal as it
is the minimum concentration of PEI to precipitate RecBCD. B. RecBCD is resuspended from
the PEI pellet using buffer B. C. The ammonium sulfate precipitate was resuspended in buffer Cand run on the gel. Using 50% saturation of ammonium sulfate to precipitate RecBCD was
determined to be optimal, as at this concentration, the amount of RecBCD is slightly increased
compared to 40% saturation, but a further increase in yield is not achieved at 60% saturation.
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Figure 3. RecBCD HiTrap Heparin HP column elution profile and gels. A. The 280 nm
absorbance (blue) and conductivity (red) profiles for the RecBCD elution from the HiTrap
Heparin HP columns. Peak 1 (fractions 1-5) contains RecBCD heterotrimer, Peak 2 (fractions 69) contains a mixture of RecBCD heterotrimer and heterohexamer, and Peak 3 (fractions 10-14)
contains primarily RecB. B. 8% SDS denaturing gel and C. 5% native gel of the fractions from
the elution profile in A.
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Figure 4. Sedimentation velocity c(s) distributions of RecBCD and (RecBCD)2 at conditions for
RecBCD recovery and of RecBDnucCD. A. RecBCD (red) and the RecBCD/(RecBCD)2 (black)
mixture from peaks 1 and 2 (Fig. 3), respectively, of the HiTrap Heparin elution. The black line
representing the RecBCD/(RecBCD)2 mixture is presented throughout as a reference. B. c(s)
distributions from sedimentation velocity experiments of a RecBCD/(RecBCD)2 mixture (1 µM)
after dialysis vs. buffer C- pH 6.8 (blue), buffer C- pH 5.8 (red) or buffer C- pH 7.8 (green) C.
c(s) distribution of RecBCD/(RecBCD)2 (black) and then dialyzed into buffer C- containing
100mM DTT (pink) followed by dialysis back to lower [DTT] (green). D. c(s) distribution of
RecBCD/(RecBCD)2 (black) which is then dialyzed vs. buffer C + 2M NaCl and back to buffer
C- (purple) E. c(s) distribution of RecBCD/(RecBCD)2 (black) and then dialyzed vs. buffer C +
2M NH4Cl (light blue) and buffer C- (dark blue). F. c(s) distribution of RecBDnucCD in buffer C-.
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Figure 5. Equilibrium fluorescence titration of RecBCD and RecBΔnucCD binding to Reference
DNA. RecBCD heterotrimer ( ) , RecBCD heterotrimer from the hexamer rescue protocol ( ) or
RecBΔnucCD ( ) was titrated to the Reference DNA (10 nM) under stoichiometric binding
conditions (buffer M, 25°C). The solid lines are extrapolations of linear regions of the binding
isotherms. The dashed line indicates that the DNA substrate is saturated with RecBCD or
RecBΔnucCD at [RecBCD or RecBΔnucCD]/[DNA] = 2.
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Supplemental Table 1. DNA sequences for oligonucleotides for reference DNA for
fluorescence binding assay.
(1) 5' - Cy3 CCA TGG CTC CTG AGC TAG CTG CAG TAG CCT AAA GGA TGA AAC
TAG GAT CTT ATG CTC CAG TTT T - 3'
(2) 5' - Cy3 CTG GAG CAT AAG ATC CTA GTT TCA TCC TTT AGG CTA CTG CAG CTA
GCT CAG GAG CCA TGG TTT T - 3'
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Supplemental Figure 1. 8% SDS denaturing gels from RecBCD purification. A. Samples from
the HQ column. Fractions 4 – 8 were collected. B. Samples from the ssDNA cellulose column.
All elution fractions were collected.
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Supplemental Figure 2. 8% SDS denaturing gels from RecBΔnucCD purification. A. Samples
from PEI and ammonium sulfate precipitations and HQ column purification. Fractions 3-8 were
collected from HQ column elution. B. Samples from ssDNA cellulose column purification. All
elution fractions were collected. C. Samples from HiTrap Heparin HP column purification.
Elution fractions 4-9 were collected. The sample from the high salt wash demonstrates that
RNAP binds the HiTrap Heparin HP column and only elutes at high salt after RecBCD or
RecBΔnucCD have eluted, therefore eliminating RNAP as a contaminant.
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Chapter III
The nuclease domain of E. coli RecBCD helicase regulates the rate
of double stranded DNA unwinding, but not the rate of single
stranded DNA translocation

56

Abstract
While helicases have been studied for decades, much is still unknown about the
mechanism of helicase-catalyzed double stranded (ds)DNA unwinding. Previous hypotheses,
based on structural models, have described DNA unwinding as a direct mechanical consequence
of pulling the DNA duplex across a wedge domain in the helicase by the single stranded
(ss)DNA translocase activity of the motor domains. Here, we present evidence that dsDNA
unwinding by E. coli RecBCD helicase is not a simple consequence of ssDNA translocation.
Using stopped-flow fluorescence kinetic approaches, we compared the kinetics of ssDNA
translocation and dsDNA unwinding by RecBCD and a variant in which the RecB nuclease
domain has been deleted (RecB

nucCD).

We find that RecB

nucCD

unwinds dsDNA significantly

slower compared to RecBCD, while the rate of ssDNA translocation is unaffected. This effect on
unwinding kinetics is due to the absence of the entire domain and not the absence of the nuclease
activity, as a nuclease-dead mutant (RecBD1080ACD), which retains the nuclease domain, showed
no significant change in either ssDNA translocation or dsDNA unwinding rates relative to
RecBCD. We posit that the nuclease domain exerts an allosteric effect to regulate dsDNA
unwinding by influencing the rate of melting of the DNA base pairs rather than the translocation
steps involved in dsDNA unwinding. The slower unwinding kinetics of RecB

CD is similar to

that of RecBCD after it recognizes a chi (crossover hotspot instigator) sequence during DNA
unwinding in homologous recombination. Along with recent cryo-EM structural data, these
results suggest that the nuclease domain is dynamic and becomes undocked from its position
observed in structures of RecBCD bound to a DNA end to influence DNA unwinding, perhaps
mimicking a post-chi state.
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Introduction
E. coli RecBCD is a helicase/nuclease that is involved in the repair of double stranded
(ds)DNA breaks by unwinding the DNA and loading RecA protein onto the unwound single
stranded (ss)DNA to initiate repair by homologous recombination1,2. RecBCD also functions to
degrade foreign DNA1,2. RecBCD is composed of three subunits, RecB (134 kDa), RecC (129
kDa) and RecD (67 kDa) (Fig. 1). RecB is a superfamily 1A helicase/translocase that
translocates along ssDNA in the

to

direction, and RecD is a superfamily 1B
direction3 8. During DNA unwinding, RecB

helicase/translocase that translocates in the

and RecD translocate with opposite directionalities but act on complementary DNA strands, such
that both motors move in the same net direction along the DNA5,6. In addition to its

RecB arm domain, which is hypothesized to represent a dsDNA translocase activity that may
also function in DNA melting of the duplex DNA4,7,9

11.

The RecB subunit also contains a

nuclease domain (Fig. 1) (30 kDa) that is responsible for DNA degradation by the heterotrimeric
complex12

14.

The nuclease domain is attached to the RecB motor domain via a ~60 amino acid

long linker, and in multiple RecBCD-DNA structures is observed in a docked position opposite
the duplex DNA-RecBCD interaction15

17,

as in Fig. 1. RecC is structurally similar to RecB but

does not have known motor activities16,18. RecC interacts with both RecB and RecD and contains
the site for recognition of the crossover hotspot instigator (chi or ) sequence ( -GCTGGTGG) in E coli, which is an overrepresented regulatory sequence in the E. coli genome19,20.
Recognition of

regulates whether RecBCD initiates repair of the host DNA or continues to

degrade foreign DNA via the nuclease domain19,21.
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Initiation of dsDNA repair occurs when RecBCD binds to duplex DNA ends and uses its
binding free energy to melt several base pairs, possibly 4-1116,17,22

24,

in the absence of ATP

binding or hydrolysis (Fig. 2). Upon ATP binding and hydrolysis, processive DNA unwinding
begins. Prior to reaching the -site, the enzyme moves
direction, indicating RecD is the faster motor during this pre- unwinding25. This results in a
ssDNA loop forming ahead of the RecB motor6, and the nuclease activity acts to degrade both
ssDNA ends26. Upon reaching and recognizing a -site, RecBCD pauses and
undergoes a yet uncharacterized conformational change26

29.

Post

recognition, RecBCD

unwinds ~two-fold slower and
-ended DNA strand25
form a RecA filament that then initiates strand invasion, a search for DNA homology, and then
carries out subsequent homologous recombination. During loading, RecA appears to interact
with the nuclease domain30. This has led to the hypothesis that the nuclease domain must undock
from the rest of RecBCD to facilitate RecA loading. The mechanism of post- changes in
RecBCD activity, presumably due to protein conformational changes, have long confounded the
field. Given that the rate of unwinding and nuclease activity change concurrently, we
hypothesize that the nuclease domain may influence the rate of DNA unwinding.
Despite decades of work, many questions remain concerning the mechanism of DNA
unwinding by RecBCD31. One unwinding model based on structures of RecBCD bound to DNA
suggests that DNA unwinding is a direct result of ssDNA translocation by the canonical RecB
and RecD motors along the respective single strands of DNA, which pulls the duplex DNA
16.

model, base pair separation is tightly coupled to ssDNA translocation32 (Fig. 23A). An
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In this

alternative unwinding model proposes that base pair melting is uncoupled from ssDNA
translocation9,11. In this model, the free energy of RecBCD binding to DNA is used to melt
multiple DNA base pairs in an ATP-independent, Mg2+-dependent process16,22,23, forming
ssDNA tracks along which the RecB and RecD motors translocate using ATP hydrolysis. Upon
reaching ss/dsDNA junctions, ATP hydrolysis resets the conformation of RecBCD, such that the
binding free energy can again be used to melt the next set of multiple base pairs31 (Fig. 23B).
Previous work has demonstrated that RecBCD as well as RecBC, also a processive helicase, can
melt multiple DNA base pairs upon binding to a DNA duplex end in an ATP-independent
manner22,33

35.

Structures of RecBCD bound to blunt-ended DNA show 4-11 bp melted16,24,36,

indicating that base pair melting can occur in the absence of enzyme translocation. Further
support of the model where translocation and DNA melting are uncoupled processes comes from
Simon et al.11, where it was demonstrated that duplex DNA unwinding can occur without ssDNA
translocation by the primary canonical RecB and RecD motors. Here, processive DNA
unwinding was observed beyond two reverse polarity linkages in each strand of the DNA
backbone, which blocked translocation by the primary motors. Surprisingly, this activity was
dependent on the presence of the nuclease domain but not nuclease activity11.
The presence of the nuclease domain also affects the thermodynamics of RecBCD
binding to DNA, as deletion of the nuclease domain increases binding affinity to DNA ends15.
These results were unexpected because the nuclease domain does not have an obvious direct
interaction with duplex DNA based on its location at the opposite end of RecBCD away from the
duplex DNA binding site16,24,36, as shown in Fig. 1.
To further interrogate the function of the nuclease domain, we measured the rates of
ssDNA translocation and dsDNA unwinding of a RecBCD variant in which the nuclease domain
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has been deleted (RecB

CD) to examine the effect of the nuclease domain on helicase

activities using rapid stopped-flow kinetics7,37,38. We illustrate that removal of the nuclease
domain, but not nuclease activity alone, reduces the rate of DNA unwinding by 25-45% relative
to RecBCD. Importantly, no reduction in ssDNA translocation rates were observed for
RecB

CD, implicating the nuclease domain as an allosteric regulator of DNA duplex melting.

These observations offer further support to unwinding models in which base pair melting is
uncoupled from ssDNA translocation31. Finally, we speculate that RecB

CD may be

representative of the post- unwinding state of RecBCD, where undocking of the nuclease
domain results in the slower DNA unwinding rate, driven by the loss of the allosteric effects of
the nuclease domain on base pair melting.

Materials and Methods
Buffers
Reagent grade chemicals and double-distilled water further deionized with a Milli-Q
purification system (Millipore Corp., Bedford, MA) were used to make all buffers. Buffers and
reagents were filtered using 0.2 m cellulose acetate filters (Corning, Corning, NY) after
preparation. RecBCD and variants were stored in buffer C-, which is 20 mM potassium
phosphate, pH 6.8 at 4°C, 0.1 mM 2-mercaptoethanol, 0.1 mM EDTA, 10% (v/v) glycerol.
Experiments were carried out in buffer M, which is 20 mM MOPS-KOH (pH 7.0), 5% (v/v)
glycerol, 10 mM MgCl2, and 1 mM 2-mercaptoethanol plus the indicated [NaCl]. We use a
.g., buffer M275 contains 275 mM
NaCl). The concentration of stock MgCl2 solutions was determined by measuring the refractive
index using a Mark II refractometer (Leica Inc., Buffalo, NY), which can be related to the
[MgCl2] using a standard refractometry table39.
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Heparin stock solutions were prepared by dissolving heparin disodium salt (SigmaAldrich, St. Louis, MO) in Milli-Q water followed by extensive dialysis versus Milli-Q water
using 1 kDa molecular weight cutoff dialysis tubing (Spectrum Laboratories Inc., Dominguez,
CA). Concentrations of stock solutions were determined by titration with Azure A as previously
described40. Heparin stock solutions were filtered using

m cellulose acetate syringe filters

and stored at 4 C until use.
-triphosphate sodium salt
(Sigma, St. Louis, MO) in Milli-Q water and adjusting the pH to 7.0 using NaOH. Stock
concentrations were determined spectrophotometrically using the extinction coefficient41,

260 =

1.54 x 104 M-1cm-1.
Proteins
RecBCD was expressed from the pTRC99a plasmid in E. coli strain V283142.
CD, containing a deletion of amino acids 930-1180 of RecB, and RecBD1080ACD were

RecB

expressed from pPB800 and pPB520 plasmids in E. coli strain V2601, a variant of V186
expressing the lacIq gene43. V2831 and V2601 contain deletions of the chromosomal recB, recC,
and recD genes42. The purification protocols for RecBCD, RecBD1080ACD and RecB

CD were

modified from previous studies11,24,37,44 and are described at length in Chapter 2. All proteins
ultracentrifugation
(data not shown) and stored in buffer C- at -80°C. Purified RecBCD, RecBD1080ACD, and
RecB

CD were extensively dialyzed versus buffer M at 4 C before use in experiments and

concentrations were determined spectrophotometrically using the extinction coefficients 11,44
260 =

4.5 x 105 M-1cm-1 (RecBCD and RecBD1080ACD) and

(RecB

nucCD).

260 =

47

4.11 x 105 M-1cm-1

Bovine serum albumin (BSA) (Sigma St. Louis, MO) was dialyzed in buffer M
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and concentrations were determined spectrophotometrically using the extinction coefficient48,49,
260 =

4.38 x 104 M-1cm-1.

DNA
Oligodeoxynucleotides were synthesized using a MerMade 4 synthesizer (Bioautomation,
Plano, TX) with phosphoramidite reagents (Glen Research, Sterling, VA) and purified by Thang
Ho as described50. The concentration of each oligodeoxynucleotide was determined
spectrophotometrically as described11,51 by digesting with phosphodiesterase I (Worthington,
Lakewood, NJ) in PBS buffer at 25°C to form a mixture of mononucleotides. The absorbance of
the resulting mixture of mononucleotides was measured at 260 nm. The extinction coefficient at
260 =
260 =

TMP)

7600 M-1 cm-1

260 =

260 =

4930 M-1 cm-1 for Cy3

12,160 M-1 cm-1
260 =

15,340 M-1 cm-1 for

260 =

8700 M- 1cm-1 for

10000 M-1 cm-1 for Cy5 (Glen Research) based

on the sequence of each DNA strand (Supp. Table 1). For dsDNA unwinding DNA substrates,
equal concentrations of Cy3, Cy5 and unlabeled oligos were combined. For ssDNA translocation
DNA substrates, the Cy3 labeled and unlabeled strands were combined in equal concentrations.
The respective mixture of oligonucleotides was heated to 95°C for 5 minutes and allowed to
slowly cool to 25°C.
Fluorescence Stopped-flow Experiments
Fluorescence stopped-flow experiments were performed at 37°C in buffer M at the
denoted [NaCl] using an Applied Photophysics SX.18MV stopped-flow instrument (Applied
Photophysics Ltd., Leatherhead, UK). DNA was preincubated with enzyme in buffer M
containing 6

BSA for 5 min on ice and then loaded into one syringe of the stopped-flow

instrument. The other syringe contained a solution of ATP, 6
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BSA, and protein trap to ensure

single turnover conditions. Both solutions were incubated for 3 minutes at 37°C before rapid 1:1
mixing (Schematic shown in Fig. 4A).
For dsDNA unwinding experiments, the final conditions after mixing were 25 nM
RecBCD (or variant), 20 nM DNA, 6

BSA, 5 mM ATP, protein trap as noted. Cy3

fluorescence was excited using a 505 nm LED (Applied Photophysics Ltd.). Cy3 and Cy5
fluorescence was monitored simultaneously using two separate photomultipliers containing a 570
nm interference filter and a >665 nm-cutoff filter (Oriel Corp., Stradford, CT), respectively.
For ssDNA translocation experiments, the final conditions after mixing were 37.5 nM
RecBCD (or variant

500 nM hairpin trap. The Cy3

fluorophore was excited using a 505 nm LED (Applied Photophysics Ltd.) and its emission was
monitored using a >570 nm-cutoff filter (Oriel Corp., Stradford, CT). For dsDNA unwinding and
ssDNA translocation, the kinetic traces shown represent the average of at least 8 individual
measurements. Experiments were done in triplicate and used protein from multiple purifications.
No differences in results were noted for experiments performed with protein from different
purifications.
Experiments were performed to determine the protein trap concentrations needed to
ensure that all DNA unwinding and ssDNA translocation experiments were conducted under
single round conditions by preventing rebinding of any free protein that might dissociate after the
start of the reaction. Heparin was used as the protein trap for experiments done at 30 mM NaCl,
but at higher [NaCl] of 275 mM and 500 mM, RecBCD does not bind to heparin with
sufficiently high affinity for it to be an effective trap. Therefore, for experiments done at 275
mM and 500 mM NaCl, we used a 16 bp hairpin with

-dT6

-dT10 binding site (Supp. Fig.

6A). Trap tests were performed by incubating the DNA substrate with ATP and trap in one
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syringe and free RecBCD or RecB

CD in the second syringe. The final concentrations for

sufficient trapping were as follows: RecBCD and RecB
done in buffer M30

CD dsDNA unwinding experiments

4 and 2 mg/ml heparin, respectively; RecBCD and RecB

CD dsDNA

unwinding or ssDNA translocation experiments done in buffer M275 and buffer M500

500 nM

hairpin trap (Supp. Figs. 5-7).
Analysis of dsDNA Unwinding Time Courses
Full unwinding time courses were analyzed globally with n-step kinetic models (Schemes
1 and 2) using MENOTR, a hybrid multi-start genetic and non-linear least squares (NLLS)
algorithm44,52,53. Monitoring the Cy5 signal, the RecBCD and RecBD1080ACD time courses were
analyzed out to 0.5 s and RecB

CD time courses were analyzed out to 2 s to capture the signal

plateau. The time courses shown in the Figures are plotted on shorter time scales for clarity. The
Cy3 fluorescence signals were also analyzed, and the results are presented in Appendix B.
The n-step kinetic models used to describe unwinding by RecBCD and RecB

CD are

modeled in Schemes 1 and 2. In Scheme 1, enzyme is bound to DNA as either a non-productive,
(RD)NP, or productive, (RD)P, complex. Non-productive helicase-DNA complexes isomerize to
productive complexes with the rate constant, kNP, and once in the productive state, enzyme-DNA
complexes proceed through repeated steps with rate constant, kU, until the DNA is fully
unwound. The fraction of initially productive enzyme-DNA complexes, x, is defined by Eq. (2).
Scheme 2 includes additional, h, initiation step(s) that are described by rate constant, kC, which
are not part of the repeating unwinding steps. Fitting of the time courses to a Scheme 1 (Eq. (1))
or Scheme 2 (Eq. (3) or (4)) was performed to obtain the time-dependent formation of ssDNA,
fss(t), plus the formation of the last intermediate, In-1, as the inverse Laplace transform of Fss(s)
using numerical methods as described37,44,52. Fss(s) is the Laplace transform of fss(t), where L
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1 is

the inverse Laplace transform operator with s as the Laplace variable, A is the amplitude of the
fluorescence change upon ssDNA formation, B is an amplitude term that accounts for the
fluorescence enhancement due to formation of the last intermediate before complete DNA
unwinding In-1. Eq. (5) indicates the relationship between the number of unwinding steps, n, and
the duplex length, L, that is unwound, where m is the step size.
Scheme 1

Scheme 2

(1)

(2)
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(3)

(4)

(5)

Determining fractional amplitude of phase 2 of Cy3 unwinding time course for RecB

CD

Two distinct kinetic phases are observed for DNA unwinding by both RecBCD and
RecB

CD due to the fact that the enzymes are initially bound to the DNA ends in productive,

(RD)P, and non-productive, (RD)NP, complexes, as shown in Scheme 1 and 2. The productive
complexes are poised to immediately initiate DNA unwinding, whereas the non-productive
complexes must first undergo an isomerization step with rate constant, kNP, before they can
initiate DNA unwinding. The amplitudes of each phase reflect the fraction of enzyme-DNA
complexes, x, initially in productive (RD)P complexes (phase 1) and non-productive (RD)NP
complexes (1-x) (phase 2) (Fig. 11 and Supp. Fig. 1). The amplitude of phase 1 (A1) is
representative of the fraction of productive complexes, x, of the RecB

CD unwinding signal

and was determined as the average of the 6 time points at the plateau of the first phase at 0.12 s.
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The amplitude of phase 2 (A2) is representative the fraction of non-productive complexes, 1-x.
We quantified A2 according to Eq. (6), where Af is the final amplitude at the end of the unwinding
reaction. The final amplitude (Af) for the unwinding time course was determined as the average
of the last 10 points at 5 s.
(6)
Analysis of ssDNA Translocation Time Courses
The rate of ssDNA translocation was calculated using the length dependence of the
time

4,7,54.

-

The lag time or length of the lag phase was determined as

the time at the intersection of the linear increase of the Cy3 fluorescence with the initial Cy3
fluorescence (Figs. 21 and 22). This lag time reflects the time for RecBCD (or variant) to unwind
the 24 bp duplex DNA and translocate to the Cy3 fluorophore located at the end of the ssDNA
(Fig. 4C), whereupon an increase in Cy3 fluorescence occurs due to the interaction with the
protein55. The lag time is determined for a series of DNA substrates as a function of ssDNA
extension length, and the inverse slope of a plot of ssDNA length versus lag time is used as a
measure of the ssDNA translocation rate (Appendix A).

-dT6/ -dT10 tail and 24

bp duplex is held constant for all DNA substrates, the slope of the plot is dependent only the
ssDNA translocation rate. The translocation rates are determined from three independent
experiments. The errors presented are the standard deviation from the averages of three
experiments. The ssDNA translocation time courses were also analyzed using an n-step kinetic
model (Appendix C), but these did not result in sufficiently good fits for all of the data and as a
result are not included here.

Results
Double-Stranded DNA unwinding fluorescence stopped-flow experiments
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We examined the kinetics of dsDNA unwinding by RecBCD and RecB

CD using all-

or-none single turnover fluorescence stopped-flow experiments (Fig. 4A)37,38,44. Unwinding
experiments were performed with DNA substrates I and II (Fig. 3A)37,38,44 in buffer M at the
indicated [NaCl] at 37ºC. The unwinding reaction was initiated by rapidly mixing pre-bound
enzyme-DNA with ATP:Mg2+ and protein trap which ensures only a single round of unwinding
occurs.
Unwinding DNA substrates (Fig. 3A) are composed of a duplex with two nicks, a hairpin
at one end and either a blunt end (I)

-

-dT6/ -dT10 end (II) to which enzyme

binds to initiate DNA unwinding38,48. The unpaired

-dT6 and

-dT10 tails are sufficient in

length to reach the RecB and RecD motors, respectively, such that this is considered

-

to which RecBCD binds with high affinity38,48. The effects of varying the
length of the pre-melted ssDNA tails on unwinding kinetics will be explored further in Chapter
4. The unlabeled strand of each DNA substrate forms a hairpin loop at one end and provides the
complementary strand for the annealing of two strands with a combined total length of 80
nucleotides, one of length L, labeled with Cy3, and the other of length (80-L), labeled with Cy5,
such that the Cy3 and Cy5 fluorophores are juxtaposed at one of the nicks (Fig. 3A). The Cy3
(donor) and Cy5 (acceptor) fluorophores undergo Förster Resonance Energy Transfer (FRET) so
that upon exciting the Cy3 donor of the annealed substrate, Cy3 fluorescence is low due to nonradiative energy transfer to the Cy5 acceptor, which shows high fluorescence. The all-or-none
unwinding time course monitoring Cy3 fluorescence displays a lag phase followed by an
increase in Cy3 fluorescence due to a loss in FRET, resulting from complete unwinding and
strand separation of the Cy3 labeled DNA (Fig. 4B). The lag phase reflects the time required for
the enzyme to initiate, unwind and release the Cy3 labeled strand. The Cy5 fluorescence displays
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a lag phase followed by an initial increase in fluorescence, which results from a protein-induced
fluorescence enhancement of the Cy3 fluorescence, PIFE, that is transferred to the Cy5
fluorophore via FRET, as previously reported37. Following this Cy5 fluorescence increase, the
Cy5 fluorescence decreases, as expected, as the Cy3 donor dissociates, resulting in a loss of
FRET and low Cy5 fluorescence (Fig. 4B). We use these time-dependent changes in both Cy3
and Cy5 fluorescence as a function of DNA length, L, for L = 25, 30, 37, 40, 43, 48, 50, 53, and
60 bp to monitor and analyze the mechanism of DNA unwinding by RecBCD and RecB

CD

both qualitatively and quantitatively.
RecBCD and RecB

CD unwinding time courses show significant differences

Qualitatively, the time courses for RecBCD and RecB

CD dsDNA unwinding show

significant differences (Fig. 5 and 7). From a blunt DNA end, RecBCD shows nearly complete
unwinding by ~0.1 s, whereas RecB
5). Both RecBCD and RecB
RecB

CD reach the same final fluorescence, suggesting that

CD unwinds the same amount of DNA, but takes longer to do so. A comparison of the

time courses for all examined blunt-ended DNA lengths, L, for RecBCD shows a lengthdependent lag phase (Fig. 6A-D). In contrast, the time courses for RecB

CD do not show a

clear length-dependent lag phase for unwinding from a blunt end (Fig. 6E-H), suggesting the
presence of rate limiting step outside of the repeated unwinding steps.
From a pre-

-dT6

-dT10 end, RecBCD shows nearly complete unwinding by

~0.1 s, whereas RecB
blunt ends, both RecBCD and RecB
RecB

1-2 s (Fig. 7). As with
CD reach the same final fluorescence, suggesting that

CD unwinds the same amount of DNA. Both RecBCD and RecB

CD show a length

dependent lag for unwinding from a pre-melted tail (Fig. 8). Additionally, particularly clear in
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the RecB

CD Cy3 unwinding time course, a second phase beginning ~0.1-0.15 s is apparent

(Fig. 7A and B). Both RecB

CD and RecBCD show these two phases from both blunt (Fig.

5A and B) and pre-melted ends (Fig. 7A and B), but the distinction between the phases for
RecB

CD is more distinct. These phases arise due to two conformational populations of

RecBCD or RecB

CD-DNA complexes, which will be discussed in more detail below. Further

quantitative analysis was needed to determine the effect of the deletion of the nuclease domain
on unwinding by RecBCD.
Global analysis of dsDNA unwinding kinetics using n-step models
To determine the quantitative differences in dsDNA unwinding between RecBCD and
RecB

CD, we performed global NLLS analysis of the Cy5 signal of DNA unwinding time

courses to n-step kinetic models using MENOTR53 as described in Materials and Methods. We
fit to n-step kinetic models described by Schemes 1 and 2 (Eq. 2, 4, and 5). Schemes 1 and 2
show that the DNA is unwound via a number, n, of repeated steps with a rate constant, kU, and a
size of m bp. The prebound helicase-DNA complexes are initially in one of two states: a nonproductive state, (RD)NP, shown in the purple box, and an unwinding-productive state, (RD)P,
shown in the red box. The fraction of complexes in the productive state, (RD)P, is given by x (Eq.
3), and the fraction in the non-productive state, (RD)NP, is given by (1-x). Unwinding only
initiates from the (RD)P state, such that the fraction of non-productive helicase-DNA complexes
(RD)NP must go through an isomerization step with rate constant kNP to (RD)P before initiating
unwinding. In Scheme 2, productive complexes must also proceed through a number, h, of
initiation steps with the rate constant, kC, and then proceed through repeated unwinding steps
with rate constant, kU. The kC step has been proposed to reflect the engagement of RecD motor
with the DNA ends38. For the global fit analysis, the unwinding rate constant, kU, the additional
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rate constant, kC, the number of initiation steps h and the isomerization rate constant, kNP, and x
were constrained to be global parameters. The number of kC steps, h, and the fraction of initially
productive complexes, x, have previously been shown to be independent of the DNA length, L,
that is unwound44,48,56. The number of kU steps, n, and the amplitude terms, A and B, were
determined for each DNA substrate of length, L. The observed macroscopic unwinding rate is
calculated as mkU and is better constrained than the individual microscopic rate constant kU and
the value of m, as these parameters are highly correlated37.
RecB

CD unwinds significantly more slowly from a blunt end compared to RecBCD
Previous work demonstrated that Scheme 2 with additional kC initiation steps was needed

to describe RecBCD-catalyzed unwinding from a blunt ended DNA substrate (I), but not for
unwinding from a fully prelong to reach RecD37,38,44. The presence of the kC step was therefore hypothesized to describe
from a blunt end38. Using Scheme 2 (Eq. 4), we found
the average of the best fit parameters for unwinding from a blunt end by RecBCD are: kU = 1150
± 141s-1, kC = 141 ± 10 s-1, kNP = 9.7 ± 2.3 s-1, h = 2.7 ± 0.5 steps, and x = 0.77 ± 0.02 (Fig. 9A,
Table 1). The average step size, m, was determined from the inverse slope of a plot of length, L,
versus number of steps, n, and is 1.53 ± 0.19 bp/step for RecBCD-catalyzed unwinding (Fig.
9B). The average y-intercept of the linear regressions of these data sets was zero within error (2.85 ± 2.45), indicating that the number of steps, n, and the length, L, are directly related, as
expected. We find the macroscopic unwinding rate for RecBCD unwinding from a blunt DNA
end is mkU = 1783 ± 11 bp/s (Fig. 10).
We also used Scheme 2 to globally fit the time courses for DNA unwinding from a blunt
end by RecB

CD. However, we used Eq. 5, employing the equivalency of n = L/m, where the
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length L is fixed. This was because the time courses of RecB

CD-catalyzed unwinding from a

blunt DNA end lacked a significant observable length-dependent lag phase, such that the number
of steps, n, could not be determined independently for each DNA length. In Eq. 5, L is fixed for
each length, and m is a global parameter. The averages of the best fit parameters for
CD-catalyzed unwinding from a blunt DNA end are: kU = 460 ± 193 s-1, kC = 3.85 ±

RecB

0.40 s-1, kNP = 1.02 ± 0.4 s-1, h = 1.34 ± 0.03 steps, and x = 0.67 ± 0.05 (Fig. 9C and D, Table 1).
The average step size, m = 3.35 ± 1.77 bp/step, was obtained directly from the fit. The
macroscopic unwinding rate for RecB

CD unwinding from blunt DNA end is mkU = 1314 ±

132 bp/s (Fig. 10).
These results indicate RecB

CD (1314 ± 132 bp/s) unwinds dsDNA from a blunt end

significantly (~25%) slower than RecBCD (1783 ± 11) (Fig. 10, Table 1). The fact that the
deletion of the nuclease domain significantly affects the rate of dsDNA unwinding is somewhat
surprising as there is no known direct role for the nuclease domain in dsDNA unwinding or
binding.
Deletion of the nuclease domain slows isomerization from non-productive to productive
complexes from a blunt end
RecBCD and RecB

CD-DNA complexes exist in unwinding-productive, (RD)P, and

non-productive, (RD)NP, populations, as shown in Scheme 1 and 2. The productive complexes
are poised to immediately initiate DNA unwinding, whereas the non-productive complexes must
first undergo an isomerization step with rate constant, kNP, before they can initiate DNA
unwinding. The fraction of non-productive complexes is generally small for RecBCD and
significantly larger for RecB

CD, due to the slower rate (smaller kNP) for conversion of non-

productive complexes, (RD)NP, to productive complexes, (RD)P. Quantitative fits to an n-step
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kinetic model demonstrate that RecB
that RecB

CD unwinds DNA more slowly than RecBCD, and also,

CD also shows nearly 10-fold slower isomerization from non-productive, (RD)NP,

to productive complexes, (RD)P, with a kNP = 1.0 s-1 compared to kNP = 9.7 s-1 for RecBCD (Fig.
12). In addition to slower isomerization, a smaller fraction of RecB

CD-DNA complexes is in

the productive state, (RD)P. This productive population, highlighted in the red box in Scheme 1
and 2, yields the length-dependent lag phase (phase 1) in the DNA unwinding time courses. The
fraction (1-x) of non-productive enzyme-DNA complexes must first isomerize with forward rate
constant, kNP, to form productive complexes, as indicated by the purple box of Scheme 2. The
population of non-productive complexes results in a slower second phase (phase 2) in the DNA
unwinding time courses (Fig. 11). Simulated time courses using Scheme 2 show that the first and
second phases are dominated by (RDP) and (RDNP), respectively (Supp. Fig. 1). From the fits to
Scheme 2, we find that the fraction of RecBCD-DNA complexes that are initially in productive
complexes when initiating from a blunt end is ~ 0.8 (Table 1), such that the fraction of initially
non-productive complexes is ~0.2. We determined the fraction of the signal that is part of phase
2 for each DNA length for RecB

CD-catalyzed unwinding from a blunt-end, as described in

Materials and Methods and summarized in Figure 13. For the blunt ended DNA substrate, phase
2 is ~0.8 of the signal, indicating the majority of RecB

CD-DNA complexes are initially in

non-productive conformations. These phases are not distinguishable in the Cy5 fluorescence
signal (Fig. 11), permitting global fitting to the n-step kinetic models.
Deletion of the nuclease domain slows unwinding initiation
In addition to slower overall unwinding, the rate of initiation of dsDNA unwinding from
a blunt end by RecB

CD is significantly slower than RecBCD. For RecB

CD, the initiation

step rate constant kC = 3.9 ± 0.4 s-1 and for RecBCD kC = 141 ± 10 s-1. Initiation by RecB
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CD

from a blunt end is nearly 40-fold slower compared to that for RecBCD (Fig. 14, Table 1),
suggesting that RecD engagement with the DNA is significantly slower in the absence of the
nuclease domain.
As mentioned, for RecB

CD unwinding of the same blunt ended DNA substrates, a

clear length-dependent lag phase is not observed (Fig. 6E-H). This can be explained if there is a
much slower step that occurs at the beginning or end of the unwinding reaction. In this case, the
lag phase will be affected and potentially eliminated if the slower step is totally rate limiting 57.
We illustrate this by simulating unwinding traces using Scheme 2 (Eq. 2 and 3), as a function of
DNA length to yield changes in the observed lag times associated with a given number of steps
(Supp. Fig. 2). In the case of kU = kC, where kU represents the rate constant for each of the
repeated DNA unwinding steps, and kC represents the rate constant of an initiation step occurring
prior to DNA unwinding, the lag time increases as a function of the number of steps (i.e.
increasing DNA length) (Supp. Fig. 2A). However, as kC becomes progressively slower than kU,
there is less dependence of the lag phase on DNA length, i.e. the lag phases are closer together
(Supp. Fig. 2B). When kU >> kC, the lag phase does not show any length dependence and the
time courses overlay (Supp. Fig. 2C). We note that the differences observed for RecB
not due to a loss of DNA binding activity. In fact, RecB

CD are

CD binds all DNA ends, including

blunt ends, with higher affinity than RecBCD15. Next, to examine how nuclease domain deletion
also affects unwinding kinetics on a substrate with faster initiation kinetics, we measured the
rates of DNA unwinding from a pre-melted
RecB

-dT6/ -dT10 end by RecBCD and RecB

CD unwinds significantly slower than RecBCD, even from a pre-melted

dT10 DNA end
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CD.
-dT6

-

The time courses for RecBCD and RecB

-dT6/ -dT10 end

were globally fit as described above. Previous work38 demonstrated that Scheme 1, without the
kC steps was sufficient to describe RecBCD unwinding from a

-dT6/ -dT10 end. Using Scheme

1 (Eq. 2), we found the average of the best fit parameters for RecBCD unwinding from a premelted end are: kU = 462 ± 22 s-1, kNP = 20.2 ± 6.5 s-1, and x = 0.63 ± 0.03 (Fig. 15A, Table 1).
The average steps size m, determined from the inverse slope of a plot of length L versus number
of steps n is 3.82 ± 0.25 bp/step (Fig. 15B). The macroscopic unwinding rate of RecBCDcatalyzed unwinding from a pre-melted end fit to Scheme 1 is mkU = 1757 ± 36 bp/s (Table 1).
Figure 15B shows that a plot of the number of repeated rate limiting kinetic steps, n, versus
duplex length, L, exhibits a positive y-intercept. The positive y-intercept of this plot suggests the
presence of additional kinetic steps in the mechanism that are not directly associated with DNA
unwinding, such as the initiation steps described by kC. As a result, we reanalyzed these time
courses using Scheme 2 (Eq. 4), including h additional initiation steps with the rate constant kC,
as was done for unwinding from a blunt end. We obtained the following best fit parameters for
RecBCD dsDNA unwinding: kU = 1344 ± 168 s-1, kC = 116 ± 5 s-1, kNP = 12.1 ± 0.9 s-1, h = 1.6 ±
0.3 steps, and x = 0.74 ± 0.04 (Fig. 15C, Table 1). The average steps size m, determined from the
inverse slope of a plot of length versus n number of steps and is 1.30 ± 0.10 bp/step (intercept 2.04 ± 0.48) (Fig. 15D). The macroscopic unwinding rate for RecBCD, mkU = 1795 ± 36 bp/s
(Fig. 17, Table 1).
For RecB

CD-

-dT6

-dT10, we attempted fitting the time

courses using both Schemes 1 and 2. The best fit parameters for Scheme 1 are: kU = 155 ± 50 s-1,
kNP = 6.9 ± 1.4 s-1, and x = 0.31 ± 0.05 (Fig. 16A, Table 1). The average steps size m, determined
from the inverse slope of a plot of length L versus n number of steps, is 6.28 ± 1.24 bp/step
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(intercept 1.57 ± 0.77) (Fig. 16B). The macroscopic unwinding rate determined as mkU = 934 ±
158 bp/s. The average best fit parameters using Scheme 2 are: kU = 505 ± 275 s-1, kC = 41 ± 33 s1

, kNP

= 5.0 ± 0.8 s-1, h = 1.1 ± 0.1 steps, and x = 0.47 ± 0.16 (Fig. 16C, Table 1). The average

steps size m was determined from the inverse slope of a plot of length versus n number of steps
and is 2.75 ± 2.03 bp/step (intercept -3.51 ± 4.6) (Fig. 16D). The macroscopic unwinding rate is
mkU = 1015 ± 134 bp/s (Fig. 17, Table 1). Although Scheme 1 and 2 describe the data equally
well as assessed by RMSD, using Scheme 2 allows a direct comparison of rate constants with
RecBCD unwinding, and the macroscopic unwinding rate is not affected by the Scheme
employed.
These results indicate RecB

CD unwinds dsDNA (1015 ± 134 bp/s) significantly

slower (~45%) than the rate of DNA unwinding by RecBCD (1795 ± 36 bp/s) even from a premelted

-dT6/ -dT10 end (Fig. 17). The rate of initiation of unwinding by RecB

CD is slower

than RecBCD, but not as slow compared to unwinding from a blunt end.
Comparing unwinding from a blunt versus

-dT6/ -dT10 end, we do not observe

significant differences in the macroscopic unwinding rates for RecBCD or RecB
of unwinding initiation by RecB

CD. The rate

CD from a blunt DNA end is significantly slower compared

initiation from a pre-melted end. RecBCD does not show a significant difference in the rates of
unwinding initiation between blunt and pre-melted DNA ends. These data suggest that the
nuclease domain influences motor engagement with DNA ends to begin unwinding, and
additionally, that the deletion of the nuclease domain significantly slows overall unwinding,
regardless of initiation kinetics.
Rates of isomerization and initiation are sensitive to end type in the absence of the nuclease
domain
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For RecBCD unwinding from a pre-melted

-dT6

-dT10 DNA end, we observe only a

slight change in the values of the rate constants kNP (Fig. 12) and kC (Fig. 14). However, for
RecB

CD, we observe significant increases in the values of kNP and kC for unwinding from a

pre-melted versus blunt DNA end. The value of kNP from a pre-melted end is ~5-fold greater
compared to from a blunt end for RecB
fraction of RecB

CD (Fig. 12). Additionally, a significantly greater

CD-DNA complexes is in the initially productive phase when unwinding

initiates from a pre-melted end. The fraction of signal in phase 2 (non-productive) goes from
~0.8 to ~0.4 for initiating unwinding from a blunt versus pre-melted end (Fig. 13). The value of
kC from a pre-melted end is ~10-fold greater compared to from a blunt end for RecB

CD (Fig.

14). These parameters suggest that deletion of the nuclease domain significant affects initiation
from different DNA end types. This is explored further in Chapter 4.
RecB

CD unwinding is slower than RecBCD at a range of [NaCl]
As described below, we performed experiments measuring ssDNA translocation at both

275 mM and 500mM NaCl, and for comparison, we examined DNA unwinding at these [NaCl].
Using DNA substrate II, we also examined dsDNA unwinding from a

-dT6

-dT10 at 275 mM

(Fig. 18) and 500 mM (Fig. 19) NaCl. We observed that deletion of the nuclease domain results
in slower unwinding compared to RecBCD (Fig. 17, Table 1) at these conditions as well. The
data for RecBCD and variants fit best to Scheme 2, even though the DNA unwinding substrates
possessed a pre-melted tail. In buffer M275, RecB

CD unwinds with a rate (1249 ± 36 bp/s)

that is 27% slower than RecBCD (1702 ± 21 bp/s), respectively (Fig. 17, Table 1). In buffer
M500, RecB

CD unwinds at 44% slower compared to RecBCD, at 856 ± 42 bp/s and 1532 ±

17 bp/s, respectively (Fig. 17, Table 1). Hence, under all solution conditions tested here, the
RecB

CD dsDNA unwinding rate is significantly slower than that of RecBCD.
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Slower unwinding by RecB

CD is not due to the loss of nuclease activity

During DNA unwinding by RecBCD, the unwound ssDNA is degraded by the nuclease
activity of RecBCD. Since deletion of the entire nuclease domain to create RecB

CD results in

the loss of nuclease activity, we considered whether the slower DNA unwinding rate by
RecB

CD might be due to the loss of nuclease activity only during DNA unwinding. To test

this hypothesis, we also examined dsDNA unwinding kinetics of RecBD1080ACD, that contains a
single mutation (D1080A) in the nuclease active site that eliminates nuclease activity 58. We find
that the DNA unwinding rates of RecBD1080ACD initiating on either a blunt end (Fig. 20A) or
6

10

end (Figs. 20C and E) are not significantly different compared to RecBCD in

buffer M30 at 37ºC (Fig. 10, Table 1). This is also the case when DNA unwinding was examined
at 275 mM NaCl and 500 mM NaCl (Fig. 17, Table 1). Hence, the slower DNA unwinding rates
observed for RecB

CD is due to the absence of the nuclease domain rather than a loss of the

nuclease activity.
The values of kNP (Fig. 12) and kC (Fig. 14) vary only slightly between RecBD1080ACD
and RecBCD. These results suggest that differences seen between RecB

CD and RecBCD in

the isomerization from non-productive to productive enzyme-DNA complexes and in initiation is
due to loss of the nuclease domain, not nuclease activity.
Fluorescence stopped-flow ssDNA translocation experiments
Unwinding of dsDNA requires that a helicase (1) separate the DNA strands and (2) move
directionally or translocate along the DNA. In the previous section, we showed that the deletion
of the nuclease domain significantly slows dsDNA unwinding. To test whether this is due to
slower translocation, we compared the rates of ssDNA translocation of RecBCD and
RecB

CD. We measured the rates of ssDNA translocation by RecBCD and RecB
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CD

(RecBD1080ACD done but not shown) using a stopped-flow fluorescence assay as previously
described4,7,59. The DNA substrates (III and IV) used to measure ssDNA translocation have a 24
6

10

high affinity binding site on one end and twin ssDNA

(dT)L tails of identical length, L, after the DNA duplex (Fig. 3B).
-terminated tail (substrate
-terminated tail (substrate IV). The
enzyme initiates at the high affinity binding site, first unwinding the 24 bp duplex and then
translocating along both ssDNA (dT)L tails, until it reaches the Cy3 fluorophore resulting in
enhancement of the Cy3 fluorescence (PIFE). The Cy3 fluorescence enhancement is followed by
a decrease in Cy3 fluorescence as the protein dissociates from the DNA end (Fig. 4C).
Translocation experiments were performed in buffer M275 and M500 at 37ºC using 500 nM
concentration of hairpin trap for single-round conditions (Supp. Figs. 6 and 7). These

ensure that enzyme binding occurred exclusively to the

-dT6

At lower [NaCl] or temperatures, the specificity of RecB
dT10 site is diminished such that we see evidence for RecB

-dT10 high affinity binding site.

CD for the high affinity

-dT6

-

CD binding to the labeled end of

the single stranded tails. This results in an initial dip in the Cy3 fluorescence signal (Supp. Figs.
3 and 4).
The rate of ssDNA translocation was determined using lag time analysis4,7,54. As
described in Materials and Methods, the lag time is determined as the time at which the lag phase
intersects the linear increase of the fluorescence signal (Figs. 21 and 22). The rate of
translocation is determined as the inverse slope of a plot of the length-dependence of the lag
times. Attempts to fit the time courses to an n-step kinetic model are described in Appendix C,
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however,

-

CD could not be accurately fit by any

models that we tried. However, in Appendix A, we demonstrate that lag time analysis provides
an accurate determination of the rate of translocation. Using lag time analysis has the benefit of
requiring minimal assumptions about the translocation model.
Deletion of the nuclease domain does not affect RecBCD rate of ssDNA translocation
In buffer M275 at 37°C, the rate of
for RecB

-

for RecBCD is 2530 ± 40 nt/s and

CD is 2380 ± 110 nt/s (Fig. 21, Table 2). The

2960 ± 60 nt/s and for RecB
-

-

rate for RecBCD is

CD is 2900 ± 60 nt/s (Fig. 22, Table 2). The rates of translocation

are not significantly different for RecBCD and RecB

addition, the rate of ssDNA translocation by RecB
-

-

CD in the

-

CD. In

direction is faster than in

direction, which we also observe for RecBCD, as previously reported4,7. Translocation
because the RecD motor and the RecB motor, via its secondary

translocase activity, both contribute to
contributes to translocation

-

translocation, whereas only the RecB motor
n4,7. We also found that inhibition of nuclease

-

activity (RecBD1080ACD
relative to either RecBCD or RecB

CD (Table 2). The rate of translocation examined in buffer

M500 at 37°C was slower for RecBCD and RecB

CD (Figs. 21E and 22E) than the rates

measured in 275 mM NaCl. However, the rate of RecB

CD ssDNA translocation did not differ

from RecBCD in either direction (Figs. 21E and 22E). These results suggest that the deletion of
the nuclease domain or inhibition of its activity does not affect the primary or secondary
translocase activities of RecB or RecD. Combined, these results indicate that the nuclease
domain affects RecBCD-catalyzed unwinding activity, but not ssDNA translocation activity.
Therefore, slower translocation by RecB

CD does not explain the slower unwinding.
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Discussion
One of the most interesting aspects of RecBCD are the -dependent changes in activity.
Post -recognition, DNA unwinding by RecBCD proceeds ~two-fold more slowly than pre 25.

recognition and the nuclease activity changes to degrade

RecA is

an interaction with the nuclease domain30. These

simultaneously

concurrent changes in the rate of unwinding and the nuclease activity led us to hypothesize that
the nuclease domain may affect DNA unwinding.
RecB

CD unwinds DNA slower than RecBCD
To probe the possible linkage between the nuclease domain and the unwinding activity of

RecBCD, we examined the rate of dsDNA unwinding by RecBCD and a nuclease domain
deletion variant (RecB

CD) from blunt ends

-

-dT6

-dT10) ends. Using an

n-step kinetic model and global NLLS analysis of the time courses, we found that the
macroscopic rate of dsDNA unwinding by RecB

CD is significantly slower (25-45%) than

RecBCD from either a blunt or pre-melted DNA end (Table 1), indicating that the nuclease
domain affects the unwinding activity of RecBCD. In all available structures of RecBCD bound
to duplex DNA in which the nuclease domain is visible, the nuclease domain is observed to be
on the side opposite to where the protein interacts with the duplex DNA16,24. This suggests that
the mechanism by which the nuclease domain influences the unwinding activity may be
allosteric in nature.
The DNA unwinding time courses catalyzed by RecB
than those catalyzed by RecBCD. RecB

CD are qualitatively different

CD-catalyzed DNA unwinding time courses display

multiple phases when unwinding initiates

-dT6

-dT10 ended DNA and do not

display a significant length-dependent lag phase when initiating from a blunt DNA end (Fig. 6).
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These observations could be explained by slower rates of DNA unwinding initiation by
RecB

CD. For both RecBCD and RecB

CD, the macroscopic DNA unwinding rates are not

significantly affected whether initiation is from a blunt end or a

-dT6

-dT10 end (Fig. 10 and

17, Table 1). However, the rate of initiation of unwinding from blunt ended DNA by
RecB

CD is significantly slower compared to initiation from a

-dT6

-dT10 loading site

(Fig. 14, Table 1). Initiation from a DNA end has been proposed to require engaging the motor
domains with each DNA strand, which likely requires conformational changes and DNA
melting15. Single molecule studies demonstrated that the ATP-independent DNA melting from a
DNA end is dynamic, suggesting that even when RecBCD is pre-bound to DNA, both RecBCD
motors must be engaged and melt DNA before DNA unwinding can be initiated33,34.
Significantly slower initiation suggests that deletion of the nuclease domain may influence DNA
melting and motor engagement. Recent cryo-EM structures of RecB

CD bound to DNA show

only 4 bp melted compared to up to 11 bp melted by RecBCD15,24. Interestingly, RecB

CD

binds with higher affinity to DNA ends compared to RecBCD15, so a decrease in binding affinity
cannot explain slower initiation.
The DNA unwinding time courses for both RecBCD and RecB

CD are composed of

two phases, a fast phase representing initiation of DNA unwinding from a productive enzymeDNA complex (RDL), and a slower phase representing an enzyme-DNA complex that is in a nonproductive complex (RDNP). For RecBCD, the fraction of enzyme in the non-productive phase
(slow phase) is small (~0.1), whereas it is much larger (~0.4-0.8) for RecB

CD. To account

for this, the n-step kinetic model used to analyze the DNA unwinding time courses includes an
isomerization step, described by the rate constant kNP, that describes the equilibrium between the
non-productive complex (RD)NP and the productive complex (RD)P from which DNA unwinding
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initiates. The average value of kNP for RecBCD does not differ significantly for a blunt ended or
pre-melted DNA end, nor does the fraction of RecBCD-DNA complexes in the RDL phase,
suggesting that the fraction of initially productive RecBCD-DNA complexes is unaffected by the
unwinding initiation site (Table 1). However, for RecB
is 5-fold slower when RecB

CD, the value of the rate constant kNP

CD initiates from a blunt DNA end versus a pre-melted DNA end

(Table 1).
The n-step kinetic model also includes additional initiation steps, described by the rate
constant, kC, that precede the DNA unwinding steps. The kC steps were hypothesized to reflect
38.

steps required to engage the

This hypothesis was made

on the basis that the presence of the kC steps were required to describe RecBCD-catalyzed
unwinding of blunt and

-dT6

-dT6 ended DNAs, but not of

-dT6

-dT10 ended DNAs,

-dT10 was sufficiently long to engage the RecD motor, enabling DNA unwinding.
The results presented here for RecBCD are best described by including the kC step(s) for both
blunt and

-dT6

-dT10 ended DNA substrates. This difference may be due to the differences in

temperatures used in the two sets of experiments. Wu and Lohman38 performed experiments at
25°C, whereas the experiments reported here were performed at 37°C. Lucius et al.56 found that
the requirement for additional kinetics steps with rate constant kC is sensitive to solution
conditions56. It is possible that the increased temperature makes these additional steps more
apparent than at lower temperature.
For DNA unwinding initiated by RecBCD from a blunt-ended DNA, the rate constant kC
is approximately the same (kC =141 ± 10 s-1) as it is for initiation from a

-dT6

-dT10 site (kC

=116 ± 5 s-1), suggesting that at these conditions, the DNA end type does not significantly affect
the initiation kinetics for unwinding by RecBCD. For RecB
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CD, the rate constant kC is

significantly smaller on either a blunt end (kC = 3.9 ± 0.4 s-1) or

-dT6

-dT10 (kC = 41 ± 33 s-1)

than for RecBCD (Table 1), suggesting a much slower rate of engagement of the RecD motor
than for RecBCD. Additionally, comparing initiation of unwinding by
RecB

CD from a blunt end versus a

-dT6

-dT10 end, kC is much slower for the blunt end

(Table 1); so slow that it becomes almost rate limiting for RecB

CD.

The DNA unwinding kinetic step sizes, m, reported here for RecBCD and RecB

CD

are slightly smaller than the previously reported average step size value of ~ 4 ± 1 bp for
RecBCD (and RecBC) dsDNA unwinding31,56. Theoretical work56 suggested that steps size
should be temperature and ATP concentration independent, but unwinding rates have not been
examined at 37°C. It is possible that doing these experiments at 37°C affected the step size or
that it increased the experimental noise such that the steps size alone could not be determined
with as high of confidence. Additionally, the kU and m parameters are highly correlated, such that
the macroscopic unwinding rate, i.e., the product mkU is much better constrained than either
individual parameter.
Implications for the mechanism of RecBCD-catalyzed DNA unwinding
for DNA unwinding16,32, based on structures of RecBCD bound to
DNA end, proposes that RecBCD unwinds DNA, due to the simultaneous translocation of the
RecB and RecD motors along their respective DNA strands resulting in a pulling of the duplex
DNA across a pin or wedge region within the enzyme that causes disruption of the base pairs
within the DNA duplex (Fig. 23A). This model requires that ssDNA translocation is tightly
coupled to DNA melting/base pair separation, such that base pair separation only occurs when
the motors translocate along their respective strands16,60. Based on this model, we would
hypothesize that slower rates of dsDNA unwinding by RecB
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CD would be accompanied by

slower rates of ssDNA translocation. Therefore, we also examined the rate of single strand
translocation by RecBCD and RecB

CD. We find that the rate

translocation is not significantly different for RecB

CD compared to RecBCD (Table 2),

indicating that the removal of the nuclease domain does not affect ssDNA translocation by the
RecB or RecD motors.

to

-

CD and RecBCD (Table 2). This is consistent with
previous results for RecBCD7

to

ssDNA translocation is faster

because both the RecD translocase and the secondary translocase activity of RecBC work in the
same 5

, whereas only the RecB motor controls translocation

to

direction. Our results indicate that deletion of the nuclease domain does not affect the secondary
translocase activity, believed to be involved with the RecB arm domain, or the primary
translocase activities of each RecB and RecD motors. Additionally, the lack of a ssDNA
translocation defect for RecB

CD indicates that deletion of the nuclease domain likely does

not affect ATP binding and/or hydrolysis, and therefore is not likely to be the explanation for
why RecB

CD unwinds DNA more slowly.

Our observation that deletion of the nuclease domain significantly slows the rate of DNA
unwinding but does not affect the rate of ssDNA translocation indicates that the slower DNA
unwinding is not due to a slower translocation rate, which is
model of DNA unwinding. Additionally, Simon et al.11 demonstrated that RecBCD can
processively unwind DNA even when the canonical motors are prevented from translocating,
such that the duplex DNA could not be mechanically wedged apart.
We have proposed an alternate DNA unwinding model in which DNA melting/base pair
separation and translocation are separate processes that can be uncoupled11. In this model, the
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free energy of RecBCD binding to duplex DNA disrupts/melts 4-11 base pairs in an ATPindependent and Mg2+-dependent manner, and then uses ATP hydrolysis to translocate along the
resulting ssDNA (Fig. 23B). We suggest that the slower unwinding by RecB

CD may result

from a slower DNA melting step(s), while the rate of the ssDNA translocation steps is
unaffected. In support of this proposal, cryo-EM structures15 of RecB

CD bound to blunt

ended DNA suggest that deletion of the nuclease domain decreases the amount of DNA
melting15. In the RecB

CD-DNA structure, 4 bp are melted compared to at least 11 bp in the

RecBCD-DNA structure. In addition, the density of RecD is low in the RecB

CD-DNA

structure, indicating some possible interaction between then nuclease domain and RecD.
Deletion of the nuclease domain affects DNA binding, DNA base pair melting, and DNA
unwinding rate, and possibly allosterically the conformation of RecD. Slower DNA unwinding
by RecB

nucCD

suggests that deletion of the nuclease domain may represent a post- recognition

state, where nuclease activity is altered and unwinding is slower, offering a possible explanation
for -dependent changes in RecBCD activity. To explore in more detail how deletion of the
nuclease domain affects unwinding initiation kinetics as well as how those affects are linked to
individual motor domains, in the following Chapter we present unwinding kinetics as a function
of ssDNA tail length of the DNA initiation site.
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Table 1. Average parameters for dsDNA unwinding by RecBCD, RecB
to Schemes 1 and 2, as indicated.
-1

k U (s )
Blunt
(Buffer M30)

BCD
B

nuc

CD

D1080A

1.53

0.19

9.7

2.3

141

10

2.7

3.35

1.77

1.02

0.04

3.9

0.4

1.34

16

1.6

643

4

2.92

0.01

4.67

0.02

106

22
168
50
275
1
5

3.82
1.35
6.28
2.75
3.82
1.91

0.25
0.20
1.24
2.03
0.05
0.05

20.2
12.1
6.9
5.0
9.6
8.1

6.5
0.9
1.4
0.8
0.1
0.1

116 5
41 33
139 10

B CD
BD1080ACD

Scheme 2
Scheme 2
Scheme 2

1148 117
734 181
1043 67

2.75
1.78
1.63

2.03
0.46
0.14

10.3 1.7
5.2 0.3
8.4 0.5

141
25
126

BCD

Scheme 2

1368

109

1.12

0.10

10.1

0.3

Scheme 2

440

405

3.3

2.9

5.7

4.0

Scheme 2

1224

123

1.31

0.13

7.1

0.3

B
B

(Buffer M500)

141

CD*

nuc

CD

D1080A

CD*

BCD
nuc

B

nuc

CD

BD1080ACD

h (steps)

193

462
1344
155
505
432
897

(Buffer M30)

3'dT6/5'dT10

460

-1

k C (s )

Scheme 1
Scheme 2
Scheme 1
Scheme 2
Scheme 1
Scheme 2

3'dT6/5'dT10

3'dT6/5'dT10

1150

Scheme 2

-1

k NP (s )

Scheme 2

B

BCD

(Buffer M275)

Scheme 2

-1

m (bp step )

CD, and RecBD1080ACD fit

0.5

-1

x

mk U (bps )

fit rmsd

% difference
compard to
RecBCD

0.77

0.02

1738

11

0.00287

-

0.03 0.67

0.05

1314

132

0.00268

-24%

0.1

0.59

0.01

1879

18

0.00464

8%

0.63
1.6 0.3 0.74
0.31
1.1 0.1 0.47
0.58
1.46 0.03 0.61

0.03
0.04
0.05
0.16
0.02
0.02

1757 36
1795 36
934 158
1015 134
1651 25
1701 54

0.00503
0.00332
0.00517
0.00527
0.00621
0.00528

-47%
-43%
-6%
-5%

0.80
0.44
0.64

0.06
0.04
0.03

1702
1249
1698

21
36
40

0.00499
0.00683
0.00465

-27%
-0.20%

-

30
5
11

1.3
1.1
1.1

0.4
0.1
0.1

187

12

2.36

0.02 0.61

0.01

1532

17

0.00481

-

19

11

1.1

0.1

0.39

0.37

856

42

0.00496

-44%

215

58

3.2

1.4

0.49

0.03

1600 2

0.00604

4%

*errors from Monte Carlo simulations from MENOTR fit package because replicates were not
performed.

Table 2. Average rates of ssDNA translocation determined from lag time analysis.
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Figure 1. Cryo-EM structure of RecBCD bound to blunt-end DNA (PDB: 7MR3). RecB (red),
RecB nuclease domain (purple), RecC (blue), RecD (green) and DNA (orange).

89

ATP

Figure 2. Schematic of RecBCD in homologous recombination during double strand break
repair in E. coli. A. RecBCD binds at a double strand break. RecBCD can melt 4-11 bp in an
ATP-independent, Mg2+-dependent manner. B. RecBCD uses ATP hydrolysis to unwind the
terminated strand. This is referred to as the destructive mode, as the nuclease domain degrades
C. RecBCD pauses
upon recognition of the crossover hotspot instigator (chi or )-site and undergoes a
conformational change of a yet uncharacterized nature. D. Post- recognition, RecBCD
continues to unwind dsDNA. RecB is now the primary motor and unwinding proceeds at a
-terminated strand while
-terminated strand for eventual strand invasion and
homologous recombination.
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Figure 3. DNA substrates used in unwinding and translocation studies. A. DNA substrates used
in unwinding studies. Each DNA substrate is composed of three oligodeoxynucleotides: a
template strand containing a 15 bp hairpin with either a blunt end (I) or an unpaired dT6 end
(II) and two labeled strands with the FRET pair, Cy3 and Cy5. The Cy3 labeled strand either has
a blunt end (I) or an unpaired dT10 end (II). The three DNA strands anneal to form a hairpin
duplex containing two nicks. DNA substrates of different duplex lengths, L, are formed by
varying the lengths of the Cy3 and Cy5 labeled strands while keeping their combined length
constant (80 bp). B. DNA substrates used in ssDNA translocation studies. Each DNA substrate is
composed of two strands of equal length, one unlabeled and one labeled with Cy3 on one end.
These two strands are annealed
-dT6 -dT10 loading site, followed
by a 24 bp duplex and varying lengths of unpaired dTL
Sequences of
deoxyoligonucleotides are found in Supplemental Table 1.
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Figure 4. Schematic of fluorescence all-or-none stopped-flow experimental setup to study single
turnover kinetics of DNA unwinding or translocation and examples of the resulting fluorescence
signals. A. Stopped-flow assay schematic. Prebound enzyme-DNA complex is incubated in one syringe
and ATP:Mg2+ and protein trap are incubated in the second syringe. The reaction is initiated upon rapid
mixing of contents of the two syringes. B. Representative time courses of Cy3 and Cy5 fluorescence
signals of dsDNA unwinding, where the starting signal is corrected to zero. The Cy3 and Cy5
fluorescences show an initial lag phase (i) when the Cy3 and Cy5 are in close proximity before the
substrate is fully unwound. We observe an increase in Cy3 fluorescence (ii) and decrease in Cy5
fluorescence (iv) accompanying DNA unwinding and release of the Cy3 labeled strand. We also
observe an initial increase in Cy5 fluorescence (iii) due to the transfer of Cy3 PIFE to Cy5 before the
expected decrease in Cy5 fluorescence (In-1 phase). C. Representative Cy3 fluorescence of ssDNA
translocation time course, where there is an initial lag phase (i) followed by an increase in fluorescence
due to PIFE upon helicase arrival at the Cy3 fluorophore (ii) and a decrease in fluorescence as the
helicase dissociates from the DNA end (iii).
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Figure 5. Overlay of representative time courses of RecBCD (red) and RecB CD (blue)
unwinding of blunt ended DNA substrates (I) for L = 50 bp. The Cy3 time courses out to (A.) 2 s
and (B.) 0.25 s and the Cy5 signal out to (C.) 2s and (D.) 0.25 s. RecBCD and RecB CD reach
the same end fluorescence, but RecB CD takes longer to do so, indicating slower unwinding.
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Figure 6. Representative stopped-flow fluorescence time courses for single turnover RecBCD or
RecB CD-catalyzed DNA unwinding from a blunt end (I) as a function of DNA length, L (L = 25 bp
(black), 30 bp (red), 37 bp (blue), 40 bp (green), 43 bp (purple), 50 bp (teal)). Stopped-flow
experiments were performed in buffer M30 at 37ºC, as described in Materials and Methods. RecBCD
unwinding time courses are shown out to A. 0.10 s and B. 2.0 s for Cy3 fluorescence and out to C. 0.10
s and D. 2.0 s for Cy5 fluorescence. All RecBCD unwinding traces show length-dependent lag times.
RecB CD unwinding time courses are shown out to E. 0.20 s and F. 5 s for Cy3 fluorescence, and
out to G. 0.20 s and H. 5 s for Cy5 fluorescence. Unlike RecBCD, RecB CD time courses do not
show clear length-dependent lag phases.
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Figure 7. Overlay of representative time courses of RecBCD (red) and RecB CD (blue)
unwinding of DNA substrates (II) with a -dT6 -dT10 end for L = 50 bp. The Cy3 time courses
out to (A.) 2 s and (B.) 0.2 s and the Cy5 signal out to (C.) 2s and (D.) 0.2 s. RecBCD and
RecB CD reach the same end fluorescence, but RecB CD takes longer to do so, indicating
slower unwinding.
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Figure 8. Representative stopped-flow fluorescence time courses for single turnover RecBCD or
RecB CD-catalyzed DNA unwinding from a -dT6 -dT10 end (II) as a function of DNA length, L
(L = 25 bp (black), 30 bp (red), 37 bp (blue), 43 bp (purple), 48 bp (gold), 50 bp (teal)). Stopped-flow
experiments were performed in buffer M30 at 37ºC, as described in Materials and Methods. RecBCD
unwinding time courses shown out to A. 0.10 s and B. 2.0 s for Cy3 fluorescence and out to C. 0.10 s
and D. 2.0 s for Cy5 fluorescence. All RecBCD unwinding traces show length-dependent lag times.
RecB CD unwinding time courses are shown out to E. 0.20 s and F. 5 s for Cy3 fluorescence and out
to G. 0.20 s and H. 2 s for Cy5 fluorescence. Unlike unwinding from a blunt end, RecB CD does
show a length-dependent lag
-dT6 -dT10 end.
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Figure 9. Representative time courses of RecBCD and RecB CD-catalyzed unwinding of
DNA substrates (I) with a blunt end with simulated fits to n-step kinetic model. Time courses
were obtained as a function of duplex length (L = 25 bp (black), 30 bp (red); 37 bp (blue); 40 bp
(green); 43 bp (purple); 50 bp (gold)). Data points are a representative set of data, and the
smooth curves are simulated time courses based on the global NLLS best fits to Scheme 2 (Table
1). A. Representative of RecBCD unwinding time course and best fit parameters are: kU = 1150 ±
141s-1, kC = 141 ± 10 s-1, kNP = 9.7 ± 2.3 s-1, h = 2.7 ± 0.5 steps, and x = 0.77 ± 0.02. B. Plot of
the average number of unwinding steps n versus duplex length L for all data sets. Error bars
represent the standard deviation/error of over multiple data sets. The continuous line shows the
linear least-squares fit through the data (n = (0.66 ± 0.08)L (2.85 ± 2.44)). The average steps
size m was determined from the inverse slope of a plot of length versus n number of steps and is
1.53 ± 0.19 bp. The macroscopic unwinding rate is mkU = 1738 ± 11 bp/s. C. Representative of
RecB CD unwinding time course and the best fit parameters are: kU = 460 ± 193 s-1, kC = 3.85
± 0.40 s-1, kNP = 1.02 ± 0.4 s-1, h = 1.34 ± 0.03 steps, and x = 0.67 ± 0.05. The average step size
m was equal to 3.35 ± 1.77 bp/step, which came directly from the fit. The macroscopic
unwinding rate is mkU = 1314 ± 132 bp/s. A plot of n versus L could not be produced, as the
length of the lag phase does not depend on the length of the unwound duplex. D. Representative
of RecB CD unwinding time course with data shown to 5 s to observe the plateau.
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Figure 10. The average macroscopic unwinding rate (mkU) for RecBCD (red), RecB CD
(blue), and RecBD1080ACD (green) unwinding from a blunt DNA end (I) in buffer M30 at 37°C.
The average rates are determined from simulated fits using Scheme 2 (Table 1). RecB CD
unwinds significnatly slower than RecBCD and RecBD1080ACD.
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Figure 11. Representative Cy3 and Cy5 time courses for RecBCD (red) and RecB CD (blue)catalyzed unwinding from L = 30 bp on DNA substrate III to illustrate phase 1 and 2 in the
unwinding signals. The distinction between phase 1 and 2 is more easily observed in the Cy3
signals. Time courses for A. Cy3 RecBCD unwinding, B. Cy3 RecB CD unwinding, C. Cy5
RecBCD unwinding, and D. Cy5 RecB CD unwinding.
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Figure 12. The non-productive to productive isomerization rate constant, kNP, for RecBCD (red),
RecB CD (blue), and RecBD1080ACD (green) unwinding in buffer M30 at 37°C from blunt ends
(closed squares) or pre-dT6 -dT10 ends (open squares). Average values are
determined from fits to Scheme 2 (Table 1). respectively. The value of kNP for RecB CD is
significantly smaller than for RecBCD. The value of kNP is greater for pre-melted ends for all
enzymes.
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Figure 13. Quantification of the fractional amplitude of phase 2 from RecB CD unwinding
time courses. The fraction of phase 2 of the total amplitude was determined according to Eq. 6 in
Materials and Methods. The length of the DNA duplex does not significantly affect the fraction
of phase 2. The fractional amplitude of phase 2 of the RecB CD traces from a blunt end (red
filled squares) is ~ 0.8. The type of tail end does significantly affect the fraction of phase 2 of
RecB CD unwinding, as phase 2 from a -dT6/ -dT10 end (filled blue squares) is ~0.4.
RecB CD initiating unwinding from a pre-melted end increases the fraction of initially
productive enzyme-DNA complexes. The fraction of phase 2 were also quantified for unwinding
from a -dT6/ -dT10 end measured at 275mM NaCl (green squares) and is also ~0.4, suggesting
[NaCl] does not affect the relative populations of the phases.
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Figure 14. The initiation rate constant, kC, for RecBCD (red), RecB CD (blue), and
RecBD1080ACD (green) unwinding in buffer M30 at 37°C from blunt ends (closed squares) or pre-dT6 -dT10 ends (open squares). Average values are determined from fits to Scheme 2
(Table 1). respectively. The value of kC for RecB CD is significantly smaller than for RecBCD
from blunt and pre-melted DNA ends.
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Figure 15. Representative time courses of single-turnover kinetics of RecBCD-catalyzed
-dT6 -dT10 ends with simulated fits to n-step kinetic
models. Time courses were obtained as a function of duplex length (L = 30 bp (black); 37 bp
(red); 40 bp (blue); 43 bp (green); 48 bp (purple); 50 bp (gold); 60 bp (teal)). Data points are a
representative set of data, and the smooth curves are simulated time courses based on the global
NLLS best fits to Scheme 1 or 2, as indicated. A. Representative time course of RecBCD
unwinding from a pre-melted end fit to Scheme 1 with best fit parameters: kU = 462 ± 22 s-1, kNP
= 20.2 ± 6.5 s-1, and x = 0.63 ± 0.03. The macroscopic unwinding rate is mkU = 1757 ± 36 bp/s
B. Plot of the average number of unwinding steps n versus duplex length L for all data sets. Error
bars represent the standard deviation of over multiple data sets. The continuous line shows the
linear least-squares fit through the data (n = (0.28 ± 0.02)L + (4.6 ± 0.2)). The average step size
m was equal to 3.55 ± 0.25 bp/step. C. Representative time course of RecBCD unwinding from
a pre-melted end fit to Scheme 2 with best fit parameters: kU = 1344 ± 168 s-1, kC = 116 ± 5 s-1,
kNP = 12.1 ± 0.9 s-1, h = 1.6 ± 0.3 steps, and x = 0.74 ± 0.04. The macroscopic unwinding rate is
mkU = 1795 ± 36 bp/s. D. Plot of the average number of unwinding steps n versus duplex length
L for all data sets. Error bars represent the standard deviation of over multiple data sets. The
continuous line shows the linear least-squares fit through the data (n = (0.657 ± 0.10)L + (0.80 ±
0.02)). The average step size m was equal to 1.52 ± 0.10 bp/step.
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Figure 16. Representative time courses of single-turnover kinetics of RecB CD-catalyzed
-dT6 -dT10 ends with simulated fits to n-step kinetic
models. Time courses were obtained as a function of duplex length (L = 25 bp (black); 30 bp
(red); 37 bp (blue); 40 bp (green); 43 bp (purple); 48 bp (gold); 50 bp (teal) and 60 bp (brown)).
Data points are a representative set of data, and the smooth curves are simulated time courses
based on the global NLLS best fits to Scheme 1 or 2, as indicated. A. Representative time course
of RecB CD unwinding multiple lengths fit to Scheme 1 with best fit parameters: kU = 155 ±
50 s-1, kNP = 6.9 ± 1.4 s-1, and x = 0.31 ± 0.05. The macroscopic unwinding rate is mkU = 934 ±
158 bp/s. B. Plot of the average number of unwinding steps n versus duplex length L for all data
sets. Error bars represent the standard deviation of over multiple data sets. The continuous line
shows the linear least-squares fit through the data (n = (0.14 ± 0.02)L + (2.04 ± 1.39)). The
average step size m was equal to 6.28 ± 1.24 bp/step. C. Representative time course of
RecB CD unwinding multiple lengths fit to Scheme 1 with best fit parameters: kU = 505 ±
275 s-1, kC = 41 ± 33 s-1, kNP = 4.98 ± 0.83 s-1, h = 1.1 ± 0.1 steps, and x = 0.47 ± 0.16. The
macroscopic unwinding rate is mkU = 1015 ± 134 bp/s. D. Plot of the average number of
unwinding steps n versus duplex length L for all data sets. Error bars represent the standard
deviation/error of over multiple data sets. The continuous line shows the linear least-squares fit
through the data (n = (0.55 ± 0.10)L + (-3.4 ± 4.1)). The average step size m was equal to 2.75 ±
2.03 bp/step.
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Figure 17. The average macroscopic unwinding rate (mkU) for RecBCD, RecB CD, and
RecBD1080ACD
-dT6 -dT10 DNA end (II) in buffer M at 37°C at 30 mM
NaCl (red), 275 mM NaCl (green), and 500 mM NaCl (blue). The average rates are determined
from simulated fits using Scheme 2 (Table 1). RecB CD unwinds significnatly slower than
RecBCD and RecBD1080ACD at all [NaCl], and the [NaCl] has only a slight effect on the
macroscopic unwinding rate.
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Figure 18. Representative unwinding time courses and simulated fits to n-step kinetic models
-dT6 -dT10 DNA end in buffer M275 at 37ºC for A. RecBCD, B. RecB CD, and C.
D1080A
RecB
CD. Colored symbols are data and smooth black lines are global fits to Scheme 2.
Lengths shown are as follows: L = 25 bp (black), 30 bp (red), 40 bp (blue), 50 bp (green) and 60
bp (purple). Average best fit parameters are indicated in the text and Table 1.
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Figure 19. Representative unwinding time courses and simulated fits to n-step kinetic models
from a -dT6 -dT10 DNA end in buffer M500 at 37ºC for A. RecBCD, B. RecB CD, and C.
RecBD1080ACD. Colored symbols are data and smooth black lines are global fits to Scheme 2.
Lengths shown are as follows: L = 25 bp (black), 30 bp (red), 40 bp (blue), 50 bp (green) and 60
bp (purple). Average best fit parameters are indicated in the text and Table 1.
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Figure 20. Representative time courses of single-turnover kinetics and simulated fits to n-step
kinetic models of RecBD1080ACDdT6 -dT10 (II) ends. Time courses were obtained as a function of duplex length (L = 25 bp
(black); 30 bp (red); 40 bp (blue); 50 bp (green); 60 bp (purple)). Data points are a representative
set of data, and the smooth curves are simulated time courses based on the global NLLS best fits
to Scheme 1 or 2, as indicated. A. Representative time course of RecBD1080ACD unwinding from
a blunt end, showing best fit to Scheme 2: kU = 643 ± 4 s-1, kNP = 4.67 ± 0.02 s-1, kC = 106 ± 16 s1, h = 1.6 ± 0.1 steps and x = 0.59 ± 0.01. The macroscopic unwinding rate is mk = 1879 ± 18
U
bp/s. B. Plot of the average number of unwinding steps n versus duplex length L for all data sets.
Error bars represent the standard deviation/error of over multiple data sets. The continuous line
shows the linear least-squares fit through the data (n = (0.34 ± 0.04)L + (0.77 ± 0.05)). The
average step size m was equal to 2.92 ± 0.02 bp/step. C. Representative time course of
RecBD1080A
-dT6 -dT10 end, showing best fit to Scheme 1: kU = 432 ± 1
s-1, kNP = 9.6 ± 0.1 s-1, and x = 0.58 ± 0.02. The macroscopic unwinding rate is mkU = 1651 ± 25
bp/s. D. Plot of the average number of unwinding steps n versus duplex length L for all data sets.
Error bars represent the standard deviation/error of over multiple data sets. The continuous line
shows the linear least-squares fit through the data (n = (0.26 ± 0.01)L + (3.37 ± 0.63)). The
average step size m was equal to 3.82 ± 0.05 bp/step. E. Representative time course of
RecBD1080A
-dT6 -dT10 end, showing best fit to Scheme 2: kU = 897 ± 5
-1
-1
s , kC = 139 ± 10 s , kNP = 8.1 ± 0.1 s-1, h = 1.46 ± 0.03 steps, and x = 0.61 ± 0.02. The
macroscopic unwinding rate is mkU = 1701 ± 54 bp/s. D. Plot of the average number of
unwinding steps n versus duplex length L for all data sets. Error bars represent the standard
deviation/error of over multiple data sets. The continuous line shows the linear least-squares fit
through the data (n = (0.523 ± 0.10)L + (-0.44 ± 0.34)). The average step size m was equal to
1.91 ± 0.05 bp/step.
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Figure 21. Representative time courses and lag time analysis
DNA substrate III in buffer M275 at 37ºC. Time courses were obtained as a function of length of
unpaired tails (Lss = 30 nt (gray); 50 nt (red); 70 nt (blue); 90 nt (green)). Data points are a
representative set of data. Straight black lines indicate the lag phase and initial increase in Cy3
fluorescence. The intersection of these lines is shown by a vertical line for each Lss, which was
used to determine the lag time for each length, Lss. A. Representative time course of translocation
by RecBCD. B. Linear regression of Lss versus lag time. The inverse slope is used to calculate
2530 ± 40 nt/s. C. Representative time course of translocation by RecB CD. D. Linear
regression of Lss versus lag time. The inverse slope is used to calculate the macroscopic rate of
translocation, which is 2380 ± 110 nt/s. E.
on rates for RecBCD and
RecB CD in buffer M275 and buffer M500 at 37ºC. There is a slight [NaCl]-dependence to the
rate of translocation, such that the rate is slightly slower at 500mM NaCl. RecB CD
translocates at the same rate as RecBCD within error for each respective [NaCl].
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Figure 22. Representative time courses of single-turnover kinetics and lag time analysis
275 at 37ºC. Time courses were
obtained as a function of length unpaired tails (L = 30 nt (black); 50 nt (red); 70 nt (blue); 90 nt
(green)). Data points are a representative set of data, and the straight lines are indicated the
determination of the lag time for each length. A. Representative time course of translocation by
RecBCD. B. Linear regression of L versus lag time and the inverse slope is used to calculate the
±
60 nt/s. C. Representative time course of translocation by RecB CD. D. Linear regression of L
versus lag time and the inverse slope is used to calculate the macroscopic rate of translocation.
For RecB
± 60 nt/s. E.
translocation rates for RecBCD and RecB CD in buffer M275 and buffer M500 at 37ºC. There is
a slight [NaCl]-dependence to the rate of translocation, such that the rate is slightly slower at
500mM NaCl. RecB CD translocates at the same rate as RecBCD within error.
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A.

B.

Figure 23. RecBCD dsDNA unwinding models. A. The
l, based on RecBCDDNA structures, in which base pair separation can only be achieved upon translocation by
RecBCD. The hydrolysis of ATP results in simultaneous base pair separation and translocation
along the DNA. B. Model in which base pair melting and translocation are uncoupled. DNA
melting of 4-6 bp, possibly up to 11 bp, occurs in an ATP-independent, Mg2+-dependent manner.
ATP hydrolysis is used to translocate along the single stranded DNA.
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Supplemental Table 1. Sequences for dsDNA unwinding and ssDNA translocation substrates.
T6T10 Hairpin trap:
10TCG AAG TAG ACA GAT CCT AGT GCA GG TTT TCC TGC ACT AGG ATC TGT CTA CTT CG (dT)6
Unwinding Substrates:
Cy3 labeled unwinding substrates:
L (nt)
25 (25)
30 (30)
37 (37)
40 (40)
43 (43)
48 (48)
50 (50)
53 (53)
60 (60)

DNA sequence
10)

TGT GTC ACA GTT ACT CAG ACT TGA A Cy3TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA Cy310) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC G Cy3 10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA A Cy3 10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC A Cy3 10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC ATC CAT Cy3 10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC ATC CAT GT Cy3 10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC ATC CAT GTG CT Cy3 10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC ATC CAT GTG CTA GAG ACA Cy3 10)

Cy5 labeled unwinding substrates:
L (nt)

DNA sequence

25 (55)
30 (50)
37 (43)
40 (40)
43 (37)
48 (32)
50 (30)
53 (27)
60 (20)
Unwinding Template strand (underlined sequence forms 15 bp hairpin with 4 nt loop)
AGA TCC TAG TGC AGG TTT TCC TGC ACT AGG ATC TGT CTA CTT CAT TAC AGA TGA TGT CTC TAG CAC ATG
GAT GAT TTC GAG ACA TGA CAT TCA AGT CTG AGT AAC TGT GAC ACA ((dT)6
:
Top strands:
-Cy3 (dT)30 CTG CAG CTA GCT CAG GAG CCA TGG (dT)6
-Cy3 (dT)50 CTG CAG CTA GCT CAG GAG CCA TGG (dT)6
-Cy3 (dT)70 CTG CAG CTA GCT CAG GAG CCA TGG (dT)6
-Cy3 (dT)90 CTG CAG CTA GCT CAG GAG CCA TGG (dT)6
Bottom Strands:
5´- (dT)10 CCA TGG CTC CTG AGC TAG CTG CAG (dT)30 -3´
5´- (dT)10 CCA TGG CTC CTG AGC TAG CTG CAG (dT)50 5´- (dT)10 CCA TGG CTC CTG AGC TAG CTG CAG (dT)70 5´- (dT)10 CCA TGG CTC CTG AGC TAG CTG CAG (dT)90 :
Top strands:
5´- (dT)10 CCA TGG CTC CTG AGC TAG CTG CAG (dT)30 Cy3-T-3´
5´- (dT)10 CCA TGG CTC CTG AGC TAG CTG CAG (dT)50 Cy3-T-3´
5´- (dT)10 CCA TGG CTC CTG AGC TAG CTG CAG (dT)70 Cy3-T-3´
5´- (dT)10 CCA TGG CTC CTG AGC TAG CTG CAG (dT)90 Cy3-T-3´
Bottom strands:
- (dT)30 CTG CAG CTA GCT CAG GAG CCA TGG (dT)6
- (dT)50 CTG CAG CTA GCT CAG GAG CCA TGG (dT)6
- (dT)70 CTG CAG CTA GCT CAG GAG CCA TGG (dT)6
- (dT)90 CTG CAG CTA GCT CAG GAG CCA TGG (dT)6
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Supplemental Figure 1. Simulations using Scheme 2 to show the contribution of nonproductive, (RDNP), and productive, (RDP), populations to the overall unwinding time courses
when the overall scheme shows x = 0.5. The following parameters were used in the simulations:
kU = 500 s-1, m = 3 bp/step, L = 40 bp, kNP = 1 s-1, kC = 30 s-1, h = 1 step. Panels on the left and
right show simulations out to 5 s and 0.5 s, respectively. We simulated various values of the
fraction of productive complexes, x. A. All enzyme-DNA complexes are productive, (RDP), such
that x = 1 (red); all enzyme-DNA complexes begin are non-productive, (RDNP), such that x = 0
(black) and A = 0.5 for both fractions. Additionally, we simulated the scenario where half of
enzyme-DNA complexes begin in each (RDNP) and (RDP) complexes, such that x = 0.5 (blue)
with A = 1. The sum of Cy3 fluorescence for x = 1 and x = 0 (green) overlays the time course of
x = 0.5, showing that the (RDNP) and (RDP) populations additively contribute to the total
population. B. The same simulations are shown as in (A.), except that, where the x = 0, the Cy3
signal baseline is offset by + 0.5. These simulated data support that the first phase of the
unwinding time course is dominated by enzyme-DNA complexes that begin in the productive,
(RDP), conformation, while the second phase is dominated by enzyme-DNA complexes that
begin in the non-productive, (RDNP), conformation.
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Supplemental Figure 2. Simulations using Scheme 2 to show that the presence of a length-dependent
lag diminishes when the initiation step with rate constant kC becomes increasingly rate limiting. Except
for kC, all other parameters are constant: L = 30 (black), 40 (red), 50 (blue), 60 (green) bp, kU = 1000 s1
, m = 3 bp/step, h = 2 steps, kNP = 20 s-1, A = 1 and x = 0.9. A. When kU = kC (kC = 1000 s-1), there is a
clear length-dependent lag phase. The rate limiting steps are the repeated unwinding steps and the total
duration of the unwinding steps depends on the number of steps taken or base pairs unwound. B. When
kU > kC (kC = 100 s-1), the length-dependent lag phase is still observable, but the lag times are closer
together. C. When kU >> kC (kC = 10 s-1), the lag phase is not length-dependent, because kC is the rate
limiting step and does not depend on the number of unwinding steps.

114

Supplemental Figure 3. Temperature dependence of translocation by RecB CD in buffer
M275 at 37ºC on DNA substrate III where L = 70 nt. At lower temperatures, RecB CD binds to
unpaired tails as seen by the initial decrease in Cy3 signal as RecB CD bound to the unpaired
end dissociates without translocating the whole substrate. At higher temperatures RecB CD
-dT6 -dT10 end, as no decrease in the Cy3 signal is initially overserved.
Additionally, the rate of translocation shows a temperature-dependence, as observed by longer to
shorter lag phase, such that translocation is slower at lower temperatures and faster at higher
temperatures. Temperature: 15ºC (black), 25ºC (red), 35ºC (blue), 37ºC (green).
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Supplemental Figure 4. [NaCl] titration in buffer M at 37ºC for RecB CD-catalyzed ssDNA
translocation from A. DNA substrate III and B. IV where L = 50 nt. At lower [NaCl],
RecB CD binds to unpaired tails, indicated by the initial decreased in the Cy3 signal. At
75 mM, RecB
-dT6 -dT10 end. [NaCl] = 50 mM (black),
100 mM (red), 150 mM (blue), 200 mM (green), 275 mM (purple), 500 mM (gold).
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Supplemental Figure 5. Protein trap test on DNA unwinding substrate II where L = 50 bp for A.
RecBCD and B. RecB CD in buffer M30 at 37°C. Stopped-flow experiments were performed
with 50 nM protein in one syringe, mixing vs. 40 nM DNA, 10 mM ATP, and varying [heparin].
(DNA only (black); 2 mg/ml heparin (blue); 4 mg/ml (green); 6 mg/ml (purple)). The final
[heparin] used in unwinding experiments was 4 mg/ml and 2 mg/ml for RecBCD and
RecB CD, respectively.
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Supplemental Figure 6. Trap test on DNA unwinding substrate II where L = 50 bp using a A.
-dT6 -dT10 binding site for B. RecBCD and C. RecB CD in buffer
M275 at 37ºC. The trap used is a. Stopped-flow experiments were performed with 50 nM protein
in one syringe, mixing vs. 40 nM DNA, 10 mM ATP, and varying concentrations hairpin trap
(DNA only (black); 100 nM trap (red); 200 nM (blue); 500 nM (green)). For both RecBCD and
RecB CD unwinding reactions, 500 nM hairpin trap was used.
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Supplemental Figure 7. Protein trap test on DNA translocation substrate III where L = 50 bp for
A. RecBCD and B. RecB CD in buffer M275 at 37ºC. The trap used is a 16 bp hairpin loop
-dT6 -dT10 binding site. Stopped-flow experiments were performed with 75 nM protein
in one syringe, mixing vs. 100 nM DNA, 10 mM ATP, and varying concentrations hairpin trap
(DNA only (black); 100 nM trap (red); 200 nM (blue); 500 nM (green)). For both RecBCD and
RecB CD translocation reactions, 500 nM hairpin trap was used.
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Chapter IV
Effects of DNA end structure on the kinetics of initiation of DNA
unwinding by RecBCD and RecBΔnucCD
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Abstract
E. coli helicase RecBCD is capable of initiating DNA unwinding efficiently from a blunt
DNA end. This is due to the fact that RecBCD can melt 4-11 bp upon binding a blunt DNA end
using only its binding free energy in an ATP-independent manner, permitting the RecB and
RecD motors to engage the resulting single strands of DNA. In Chapter 3, I presented data for a
RecBCD variant with the nuclease domain deleted (RecBΔnucCD), which shows a significantly
slower rate of dsDNA unwinding and also a slower rate of initiation from a blunt DNA end
relative to RecBCD. We hypothesized that this was due to a decreased extent and rate of DNA
melting in the absence of the nuclease domain. This is consistent with recent cryo-EM structures
showing only ~4 bp melted by RecBΔnucCD compared to 10-11 bp melted by RecBCD1,2. Here,
we present fluorescence stopped-flow experiments examining RecBCD and RecBΔnucCDcatalyzed dsDNA unwinding initiating from DNA ends possessing varying extents of single
stranded (ss) DNA (“pre-melted” DNA ends). For RecBCD, we find that DNA end type does not
significantly affect the rate of dsDNA unwinding and only moderately affects the rate of
initiation. For RecBΔnucCD the rate of dsDNA unwinding was significantly slower than for
RecBCD but was also independent of DNA end type. However, the rate of unwinding initiation
by RecBΔnucCD is significantly slower than for RecBCD from all DNA end types and varies with
DNA end type. Our data suggest that RecBCD can melt a sufficient amount of DNA from blunt,
partially pre-melted or fully pre-melted ends to efficiently initiate dsDNA unwinding.
RecBΔnucCD, however, does not initiate efficiently for partially pre-melted or blunt ends and is
slower to initiate even from fully pre-melted ends than RecBCD. The slower rates of unwinding
and initiation by RecBΔnucCD suggest that the nuclease domain plays a surprising role in
facilitating DNA melting by RecBCD.
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Introduction
The hetero-trimeric E. coli RecBCD enzyme is a helicase/nuclease containing
superfamily 1 motor domains within both the RecB and RecD subunits and a nuclease domain
within RecB (Fig. 1)3,4. RecBCD acts in the homologous recombination pathway of double
strand break repair in E. coli5. RecBCD also plays a role in degradation of foreign DNA, such as
from bacteriophage3. The RecB subunit (134 kDa) contains an ATPase motor domain that
translocates along one strand of DNA in the 3’ to 5’ direction6,7. The 30 kDa nuclease domain is
attached to the RecB motor domain via a ~60 amino acid linker8,9. The RecD subunit (67 kDa)
contains the second ATPase motor domain, which translocates along the complementary DNA
strand in the 5’ to 3’ direction10. Working on opposite strands of the DNA with opposite
directionalities results in net directional movement of the helicase along the DNA11,12. RecC (129
kDa) contains significant structural similarity to RecB but is not an active motor4,13. RecC acts as
a processivity factor and is involved in regulation of RecBCD activities, as it is responsible for
the recognition of the crossover hotspot instigator (chi or !) site (5'-GCTGGTGG-3’) in the E.
coli genome14,15. Chi is an overrepresented sequence in the E. coli genome, and upon recognition
of this sequence, RecBCD pauses and undergoes a yet uncharacterized conformational change
that results in changes in the nuclease activity, loading of RecA onto the 3’ strand and a decrease
in the rate of unwinding16–21.
RecBCD has the notable ability to efficiently initiate double stranded (ds)DNA
unwinding from a blunt DNA end. During the initiation process RecBCD can melt multiple
DNA base pairs in the absence of ATP using only its binding free energy to generate ssDNA
tails to which the RecBCD enzyme binds with high affinity4,22,23. DNA footprinting experiments
showed that RecBCD can melt at least 4-6 bp from a blunt DNA end in an ATP-independent but
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Mg2+-dependent reaction22. RecBC, also a processive helicase, is also able to melt 6 bp from a
blunt DNA end, although RecBC does not initiate DNA unwinding efficiently from a blunt end,
indicating that RecD is needed for efficient initiation23,24. Additionally, the thermodynamics of
RecBCD binding to DNA suggests that RecBCD forms enthalpically favorable contacts with
pre-melted DNA ends up to 17-18 nt1. Crystal and cryo-EM structures show a range of base pairs
melted from a blunt DNA end in the absence of ATP4,25,26. A recent cryo-EM structure shows
multiple classes of RecBCD and RecBCD-DNA complexes indicating heterogeneity in both the
unbound and DNA-bound enzyme structures. In the major class, RecBCD can melt at least 11 bp
from a blunt end, a sufficient number of nucleotides to engage both RecB and RecD motors with
the 3’ and 5’ DNA ends, respectively1. However, a second structural class shows melting of only
four bp from the DNA end. Previous work has demonstrated that although RecBCD unwinds
efficiently from a blunt end, additional kinetic steps are required that precede the initiation of
DNA unwinding from a blunt end27–29. Under certain conditions, these additional steps are not
needed to describe initiation from a pre-melted 3’-dT6/5’-dT10 end27–29.
In Chapter 3, I described experiments designed to examine dsDNA unwinding by
RecBCD and RecBΔnucCD, a variant of RecBCD where the nuclease domain of RecB, which is
responsible for the nuclease activity, was removed2,9,30. Removal of the nuclease domain has
unexpected effects on RecBCD activities including DNA binding, DNA melting and dsDNA
unwinding2,30. RecBΔnucCD binds with higher affinity than RecBCD to both blunt DNA ends and
DNA substrates with single stranded dTn tails2. Higher binding affinity does not translate to
faster unwinding, as I found that RecBΔnucCD unwinds dsDNA significantly more slowly (up to
45%) than RecBCD. In addition to slower observed unwinding rates, RecBΔnucCD showed
significantly slower rates of initiation of unwinding when compared to RecBCD. I examined
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unwinding of DNA substrates with blunt and pre-melted 3’-dT6 and 5’-dT10 ends that are long
enough to reach the RecB and RecD motors without melting into the duplex23,29. Unwinding
initiation by RecBΔnucCD was significant slower on both DNA end types, but 90% slower from a
blunt end. Recent cryo-EM structures of RecBΔnucCD bound to blunt ended DNA shows that
RecBΔnucCD melts only 3-4 bp compared to up to 10-11 bp by RecBCD1,2. The nuclease domain,
but not nuclease activity, is also required for unwinding beyond reverse polarity linkages in the
DNA backbone, in which strand separation is achieved without ssDNA translocation and likely
melting30. These data suggest that the nuclease domain plays a role in melting DNA from a blunt
end in addition to having a role in processive unwinding.
Here, we expand on the work presented in Chapter 3 by examining dsDNA unwinding by
RecBCD and RecBΔnucCD from DNA ends possessing blunt, partially pre-melted or fully premelted tails. We examine whether a fully pre-melted 3’-dT6 and/or a 5’-dT10 tail(s) eliminates
the need for DNA melting during initiation, whether RecBCD needs only one or both pre-melted
strands to initiate efficiently, and how the presence of the nuclease domain affects DNA melting
during unwinding initiation.

Materials and Methods
Buffers
All buffers were made with reagent grade chemicals and double-distilled water further
deionized with a Milli-Q purification system (Millipore Corp., Bedford, MA) and were filtered
using 0.2 μm cellulose acetate filters (Corning, Corning, NY) after preparation. RecBCD and
variants were stored at -80°C in buffer C-, which is 20 mM potassium phosphate, pH 6.8 at 4°C,
0.1 mM 2-mercaptoethanol, 0.1 mM EDTA, 10% (v/v) glycerol. Experiments were carried out in
buffer M30, which is 20 mM MOPS-KOH (pH 7.0), 30 mM NaCl, 5% (v/v) glycerol, 10 mM
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MgCl2, and 1 mM 2-mercaptoethanol. The subscript on “M” refers to the [NaCl] in mM units.
The concentrations of stock MgCl2 solutions were determined by measuring the refractive index
using a Mark II refractometer (Leica Inc., Buffalo, NY), which can be related to the [MgCl2]
using a standard refractometry table31.
Heparin stock solutions were prepared by dissolving heparin disodium salt (SigmaAldrich, St. Louis, MO) in Milli-Q water and were filtered using 0.2 μm cellulose acetate syringe
filters and stored at 4°C until use. Concentrations of stock solutions were determined by titration
with Azure A as previously described32.
ATP stock solutions were prepared by dissolving adenosine 5’-triphosphate sodium salt
(Sigma, St. Louis, MO) in Milli-Q water and adjusting the pH to 7.0 using NaOH. Stock
concentrations were determined spectrophotometrically using the extinction coefficient33, e260 =
1.54 x 104 M-1cm-1.
Proteins
RecBCD was expressed from the pTRC99a plasmid in E. coli strain V283134.
RecBΔnucCD, containing a deletion of amino acids 930-1180 of RecB was expressed from
pPB800 and pPB520 plasmids in E. coli strain V2601, a variant of V186 expressing the lacIq
gene35. Both V2831 and V2601 contain deletions of the chromosomal recB, recC, and recD
genes34. The purification protocols for RecBCD and RecBΔnucCD were modified from previous
studies and are described at length in Chapter 21,27,28,30. All proteins were purified to ≥ 95%
purity, assessed by sedimentation velocity analytical ultracentrifugation (data not shown), and
stored in buffer C- at -80°C. Proteins were dialyzed extensively versus buffer M30 at 4°C before
use in experiments. RecBCD and RecBΔnucCD concentrations were determined
spectrophotometrically using the extinction coefficients e260 = 4.5 x 105 M-1cm-1 and e260 = 4.11 x
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105 M-1cm-1, respectively27,30,36. Stock solutions of bovine serum albumin (BSA) (Sigma St.
Louis, MO) were made in buffer M30, and concentrations were determined
spectrophotometrically using the extinction coefficient24,37, e260 = 4.5 x 105 M-1cm-1.
DNA
Oligodeoxynucleotides were synthesized using a MerMade 4 synthesizer (Bioautomation,
Plano, TX) with phosphoramidite reagents (Glen Research, Sterling, VA) and purified by Thang
Ho as described38. The concentration of each oligodeoxynucleotide was determined
spectrophotometrically as described30,39 by digesting with phosphodiesterase I (Worthington,
Lakewood, NJ) in PBS buffer at 25°C to form a mixture of mononucleotides. The absorbance of
the resulting mixture of mononucleotides was measured at 260 nm. The extinction coefficient at
260 nm was calculated as the sum of individual mononucleotides (ε260 = 15,340 M-1 cm-1 for
AMP, ε260 = 7600 M-1 cm-1 for CMP, ε260 = 12,160 M-1 cm-1 for GMP, ε260 = 8700 M- 1cm-1 for
TMP) and ε260 = 4930 M-1 cm-1 for Cy3 and ε260 = 10000 M-1 cm-1 for Cy5 (Glen Research) based
on the sequence of each DNA strand (Supp. Table 1). For dsDNA unwinding DNA substrates,
equal concentrations of Cy3, Cy5 and unlabeled oligos were combined. The respective mixture
of oligonucleotides was heated to 95°C for 5 minutes and allowed to cool slowly to 25°C.
Fluorescence Stopped-flow Experiments
Fluorescence stopped-flow experiments were performed at 37°C in buffer M30 using an
Applied Photophysics SX.18MV stopped-flow instrument (Applied Photophysics Ltd.,
Leatherhead, UK). DNA was preincubated with enzyme in buffer M30 containing 6 μM BSA for
5 min on ice and then loaded into one syringe of the stopped-flow instrument. The other syringe
contained a solution of ATP, 6 μM BSA, and protein trap to ensure single turnover conditions.
Both solutions were incubated for 3 minutes at 37°C before rapid 1:1 mixing (Fig. 3A). Eight
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measurements were taken, and experiments were performed in triplicate and included protein
from multiple preparations.
The final conditions after mixing were 25 nM RecBCD (or variant), 20 nM DNA, 6 μM
BSA, 5 mM ATP, and 4 mg/ml and 2 mg/ml heparin for experiments done with RecBCD and
RecBΔnucCD, respectively. Cy3 fluorescence was excited using a 505 nm LED (Applied
Photophysics Ltd.). Cy3 and Cy5 fluorescence was monitored simultaneously using two separate
photomultipliers containing a 570 nm interference filter and a >665 nm-cutoff filter (Oriel Corp.,
Stradford, CT), respectively.
Experiments were performed to determine the protein trap concentrations needed to
ensure that all DNA unwinding and ssDNA translocation experiments were conducted under
single round conditions, thus preventing rebinding of any free protein that might dissociate after
the start of the reaction and can be found in Chapter 3.
Analysis of dsDNA unwinding time courses using n-step kinetic models
Full unwinding time courses were globally analyzed with an n-step kinetic model using
MENOTR40, a hybrid multi-start genetic and non-linear least squares (NLLS) algorithm27,28.
Scheme 1 was used to describe dsDNA unwinding by RecBCD and RecBΔnucCD. Monitoring the
Cy5 signal, the RecBCD time courses were analyzed out to 0.5 s, and the RecBΔnucCD time
courses were analyzed out to 2 s to capture the signal plateau. Shorter time scales are plotted in
the Figures for clarity.
Fitting of the time courses to Scheme 1 (Eq. (1) or (3)) was performed to obtain the timedependent formation of ssDNA, fss(t), plus the formation of the last intermediate, In-1, as the
inverse Laplace transform of Fss(s) using numerical methods as described27,28,41. Fss(s) is the
Laplace transform of fss(t), L −1 is the inverse Laplace transform operator with s as the Laplace
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variable, A is the amplitude of the fluorescence change upon ssDNA formation, B is an
amplitude term that accounts for the fluorescence enhancement due to formation of the last
intermediate before complete DNA unwinding In-1, where n is the number of unwinding steps
with rate constant kU. The fraction of initially productive RecBCD-DNA complexes, x, is defined
by Eq. (2). The relationship between the number of unwinding steps, n, and the duplex length, L,
that is unwound, where m is the step size, is given by Eq. (4). Each time course was an average
of eight measurements and three replicates were performed. Global analysis of a length series (L
= 25, 30, 37, 40, 43, 48, 50, 53, 60 bp) for each replicate was done. The reported parameters are
averages of the fits of the three replicates.

(1)

(2)

(3)

(4)
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Determining fractional amplitude of phase 2 of Cy3 unwinding time course for RecBΔnucCD
Two distinct kinetic phases are observed for DNA unwinding by both RecBCD and
RecBΔnucCD due to the fact that both enzymes are bound to the DNA end in productive, (RD)P,
and non-productive, (RD)NP, complexes, as shown in Scheme 1. The productive complexes are
poised to immediately initiate DNA unwinding, whereas the non-productive complexes must
first undergo an isomerization step with rate constant, kNP, before they can initiate DNA
unwinding. The fraction of non-productive complexes is generally small for RecBCD and
significantly larger for RecBΔnucCD, due to the slower rate (lower kNP) for conversion of nonproductive complexes, (RD)NP, to productive complexes, (RD)P. The amplitude of phase 1 (A1) is
representative of the fraction of productive complexes, x. For the RecBΔnucCD unwinding time
course A1 was determined as the average of the 6 time points at the plateau of the first phase. The
actual time at which phase 1 plateaued varied by end type: 3’-dT6/5’-dT10 (0.12 s), 3’-dT0/5’dT10 (0.09 s), 3’-dT0/5’-dT6 (0.12 s), 3’-dT6/5’-dT6 (0.13 s), 3’-dT6/5’-dT0 (0.15 s), and 3’dT0/5’-dT0 (0.12 s). The amplitude of phase 2 (A2) is representative the fraction of nonproductive complexes, 1-x. We quantified A2 according to Eq. (5), where Af is the final amplitude
at the end of the unwinding reaction. The final amplitude (Af) for the unwinding time course was
determined as the average fluorescence signal of the last 10 points at 5 s.
"#! % #"&
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Results
Rationale for DNA loading site types for double-stranded DNA unwinding
In Chapter 3, I established that a RecBCD variant with the nuclease domain deleted
(RecBΔnucCD) showed significantly slower rates of dsDNA unwinding than RecBCD. In addition
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to slower overall unwinding rates, unwinding initiation by RecBΔnucCD was significantly slower
than RecBCD. In particular, RecBΔnucCD unwinding initiation was 90% slower from a blunt end
compared to a fully pre-melted 3’-dT6/5’-dT10 DNA end, whereas RecBCD initiated unwinding
equally well from both DNA end types. We hypothesized that the absence of the nuclease
domain resulted in decreased rate and extent of ATP-independent melting of base pairs from the
DNA end. From a blunt end, RecBCD is able to melt 4-11 bp in an ATP-independent manner to
engage DNA ends with the RecB and RecD motors1,4,22–24. A 3’-dT6 end is sufficiently long to
engage the RecB motor, while a 5’-dT10 end is needed to engage the RecD motor29, hence a 3’dT6/5’-dT10 end being fully “pre-melted”. Using this template as a starting point, we examined
the kinetics of DNA unwinding for DNA substrates possessing varying lengths of 3’ and 5’stranded pre-melted DNA ends to infer the contributions to unwinding initiation by each motor
domain in various states of initial engagement. Additionally, by performing these experiments in
the context of the deletion of the nuclease domain, we can assess how the presence of the
nuclease domain affects individual motor initiation.
We examined DNA substrates II-V, with the following ends: 3’-dT0/5’-dT10 (II), 3’dT0/5’-dT6 (III), 3’-dT6/5’-dT6 (IV), 3’-dT6/5’-dT0 (V) (Fig. 2). For comparison, we have also
included data from Chapter 3 examining unwinding from 3’-dT6/5’-dT10 (I) and blunt (VI) ends
by RecBCD and RecBΔnucCD.
Fluorescence Stopped-Flow dsDNA Unwinding Experiments
We used all-or-none single turnover fluorescence stopped-flow experiments to examine
DNA unwinding by RecBCD-DNA and RecBΔnucCD-DNA. Unwinding was initiated by rapidly
mixing pre-bound RecBCD or RecBΔnucCD-DNA with ATP:Mg2+ and protein trap (Fig. 3A) in
buffer M30 at 37ºC. Unwinding DNA substrates (Fig. 2) are composed of a duplex with two nicks
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and a variable loading site (I-VI) to which enzyme binds to initiate DNA unwinding. A 15 bp
hairpin at the opposite end prevents binding so that unwinding initiation begins only from the
duplex end27. Each DNA substrate contains a Cy3 donor fluorophore and a Cy5 acceptor
fluorophore that undergo Förster Resonance Energy Transfer (FRET) when in close proximity as
in the annealed DNA substrate. Upon DNA unwinding and resulting strand separation, the dyes
become separated, resulting in a change in fluorescence of each Cy3 and Cy5 fluorophores due
to a loss of FRET (Fig. 3B). The Cy3 fluorescence goes from low to high upon strand separation
as the Cy3 labeled strand dissociates away from the Cy5 fluorophore. The Cy5 fluorescence goes
from high to low upon strand separation, but we also observe an intermediate increase in Cy5
fluorescence before decreasing. This occurs because as the enzyme reaches the Cy3 fluorophore,
the Cy3 fluorophore undergoes a change in conformation that results in an increase in energy due
protein induced fluorescence enhancement (PIFE), which is immediately transferred to the Cy5
fluorophore resulting in a Cy5 fluorescence enhancement. For each DNA end type, we perform
unwinding experiments as a function of DNA length, L, for L = 25, 30, 37, 40, 43, 48, 50, 53, 60
bp.
Deletion of the nuclease domain qualitatively affects dsDNA unwinding and increases
sensitivity to DNA end type
Qualitatively, no significant differences are observed in the time courses of DNA
unwinding for RecBCD initiating from each DNA end type (Fig. 4). The DNA unwinding time
courses, as monitored by either the Cy3 (Fig. 4A) or Cy5 (Fig. 4B) fluorescence signals, almost
completely overlay for a DNA substrate of duplex DNA length, L, independent of DNA end
type. In contrast, RecBΔnucCD-catalyzed DNA unwinding time courses for a DNA substrate of
length, L, show significant qualitative differences (Fig. 5). In addition, the Cy3 (Fig. 6) and Cy5
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(Fig. 7) time courses for RecBΔnucCD-catalyzed unwinding are qualitatively different from the
RecBCD catalyzed time courses for all examined DNA ends. RecBCD time courses show nearly
complete unwinding by ~0.1 s from all DNA end types, whereas the RecBΔnucCD time courses
do not reach the same final fluorescence until 1 s or later (Figs. 6 and 7), indicating slower
overall unwinding rates. These differences cannot be explained by lower binding affinity of
RecBΔnucCD to DNA ends, as RecBΔnucCD has higher binding affinity than RecBCD to all of
these DNA ends2. We next quantitatively examined the contributions of the processive
unwinding steps and initiation of DNA unwinding kinetics on these different DNA end types for
both RecBCD and RecBΔnucCD.
Rate of dsDNA unwinding by RecBCD is not significantly affected by the DNA end type
We quantitatively examined the rates of dsDNA unwinding by RecBCD by globally
fitting the Cy5 fluorescence time courses to Scheme 1 (Eq. (1)) for a series of DNA unwinding
substrates (DNA II-V) of different lengths, L, using the NLLS fitting algorithm MENOTR40 (Fig.
8, Table 1). Experiments were performed for length, L, for each DNA end type. We report the
average values of the parameters from the fits of three replicates and the errors are the standard
deviations from the replicates. Scheme 1 describes a previously established minimal unwinding
model for RecBCD27–29,41. Before the addition of ATP, the enzyme is bound to a DNA end in
either a productive complex, (RD)P, or a non-productive complex, (RD)NP, which are presumably
in equilibrium. If starting from the non-productive state, (RD)NP, the enzyme must first undergo
an isomerization with rate constant, kNP, to convert to the productive complex, (RD)P, before it
can initiate DNA unwinding. However, even the (RD)P complex must proceed through one or
more isomerization steps with rate constant, kC, before DNA unwinding can proceed via the
repeated DNA unwinding steps with rate constant, kU.

137

Scheme 1

The time courses for RecBCD unwinding from each DNA substrate show a lengthdependent lag phase (Fig. 8). This lag phase results from the fact that the unwinding assay only
monitors complete DNA unwinding (an all-or-none assay), and RecBCD must proceed through a
series of repeated kinetic steps with similar rate constants kU in order to fully unwind each
duplex. The number of these unwinding steps, n, and thus the duration of the lag phase, increases
with duplex length. We observe that the values of n determined from the fits are directly or
nearly directly proportional to L for unwinding by RecBCD, indicated by a y-intercept of zero in
the n versus L plots (Fig. 8B, D, F, H). Although the y-intercept is not exactly zero in all cases, it
is near zero and the fits describe the data better than for fits using other schemes (data not
shown). The average step size, m, is 1-2 bp/step, which is smaller than the previously reported
values of 3-4 bp/step for RecBCD unwinding from blunt or 3’-dT6/5’-dT10 ends27–29,42. The
macroscopic unwinding rate mkU is a more constrained parameter compared to the individual
values of m and kU, which are highly correlated parameters28. Comparing mkU values for each
end type, we find no significant difference in the macroscopic unwinding rates of RecBCD when
it initiates from any of the examined DNA end types, averaging ~1750 bp/s and ranging from
1710-1795 bp/s (Fig. 10, Table 1).
Rates of dsDNA unwinding by RecBΔnucCD are significantly slower than RecBCD from all
DNA ends
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We next performed identical DNA unwinding experiments with RecBΔnucCD in buffer
M30 at 37°C. We analyzed the Cy5 fluorescence time courses as described above (Fig. 9, Table
1), using Scheme 1 (Eq. (1) and (3)). Unwinding by RecBΔnucCD from 3’-dT6/5’-dT10 (I), 3’dT0/5’-dT10 (II), 3’-dT0/5’-dT6 (III), and 3’-dT6/5’-dT6 (IV) show a clear length-dependent lag
phase (Fig. 9A, C, E). For these ends, the step size, m, was determined from the inverse slope
from the plot of length unwound, L, versus number of steps, n. Similar to the results for
RecBCD, L and n are directly or nearly directly proportional, although the y-intercept for the
linear fit is not precisely zero, but the fits to Scheme 1 described the data better than other
schemes (data not shown). RecBΔnucCD-catalyzed dsDNA unwinding from 3’-dT6/5’-dT0 (V) is
qualitatively similar to unwinding from a blunt end (VI) as a strong length-dependence of the lag
phase is not observed. Therefore, in order to fit the DNA unwinding traces, we used Eq. (3)
where L is fixed and the step size, m, is a floated parameter. For all end types, m, ranges between
2-4 bp/step, which is similar to previously determined kinetic step size of 3-4 bp/step determined
for RecBCD27–29,42.
The macroscopic rate of dsDNA unwinding by RecBΔnucCD, mkU, ranges between 10001300 bp/s, which is a larger range than RecBCD (Fig. 10). Consistent with our findings in
Chapter 3, RecBΔnucCD unwinds significantly more slowly (~25-45%) than RecBCD from all
DNA end types (Fig. 10). These data support the conclusion from Chapter 3 that the removal of
the nuclease domain slows processive DNA unwinding.
DNA end type does not significantly affect the rate of RecBCD isomerization from nonproductive to productive complex
We next examined how the DNA end type affected the rates of unwinding initiation by
RecBCD. The bound DNA-enzyme is in equilibrium between a non-productive complex,
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(RDNP), and a productive complex, (RDP), that is competent to unwind DNA. The fraction, x, of
initially productive enzyme-DNA complexes are able to immediately initiate DNA unwinding, as
indicated by the red box section of Scheme 1. This productive population yields the lengthdependent lag phase (phase 1) in the DNA unwinding time courses. The fraction (1-x) of nonproductive enzyme-DNA complexes must first isomerize with forward rate constant, kNP, to form
productive complexes, as indicated by the purple box of Scheme 1. The population of nonproductive complexes results in a slower second phase (phase 2) in the DNA unwinding time
courses (Fig. 11). Simulated time courses using Scheme 1 show that the first and second phases
are dominated by (RDP) and (RDNP), respectively (Supp. Fig. 1).
In RecBCD unwinding time courses, the second phase is observed as a slow increase in
Cy3 or decrease in Cy5 signal after ~ 100 ms (Fig. 11A). From the fits to Scheme 1, we find that
the fraction of RecBCD-DNA complexes that are initially in productive complexes is between
0.7 and 0.8 for all DNA ends types (Fig. 12C, Table 1).
We observe that the isomerization rate constant kNP ranges from ~10-15 s-1 for RecBCD
(Fig. 12A & B, Table 1). The kNP value is smallest for the 3’-dT6/5’-dT0 and blunt ends. This
result for blunt ends is expected as it has no pre-melted ends and therefore RecBCD must melt
DNA to initiate unwinding. The fact that kNP is smallest for 3’-dT6/5’-dT0 is surprising, given
that RecB should be engaged by the 3’ pre-melted tail. The fastest kNP we observe is for 3’dT0/5’-dT10. Although there is some end type dependence of kNP, the slowest value of kNP is
~1.5-fold slower compared to fastest for unwinding by RecBCD (Fig. 12B), indicating that the
effect on kNP is only moderate.
Deletion of the nuclease domain significantly decreases the fraction of productive
complexes
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For RecBΔnucCD, the fraction of enzyme-DNA complexes that are initially unproductive,
and therefore compose phase 2, is much larger than for RecBCD (Fig. 11B). This behavior is
most readily observed in the Cy3 unwinding time courses but less apparent in the Cy5 time
courses (Fig. 11) due to the presence of both Cy5 fluorescence increases and decreases during
DNA unwinding. Simulations demonstrate that the value of x (Supp. Fig. 2) and of kNP (Supp.
Fig. 3) can influence the shape of the Cy3 and Cy5 time courses, particularly when x and kNP are
smaller. In the RecBΔnucCD Cy3 unwinding time course, we also observe a “dip” in the signal
between phase 1 and phase 2. Simulations of Scheme 2 using KinTek Explorer43,44 suggest that
inclusion of a dissociation step can result in signal that shows a “dip” (Supp. Fig. 4) but attempts
to globally fit the unwinding data using Scheme 2 did not capture both phases of the data,
possibly due to the relative amplitudes of each phase. The Cy5 signal seems to be less sensitive
to the presence of such a dissociation step, hence we were able to globally fit the data without the
inclusion of a dissociation step.
Scheme 2

Values of x were determined from the global fits of the RecBΔnucCD unwinding Cy5
signal to Scheme 1 (Table 1). From all DNA ends, the fraction of initially productive
RecBΔnucCD-DNA complexes is lower than for RecBCD (Fig. 12C). We also determined the
fraction of each phase 1 and 2 from the Cy3 signal using Eq. (5) as described in Materials and
Methods where the DNA end type does affect the fraction of phase 2 amplitude (Fig. 13). The
effect of the DNA end type can be loosely categorized into three groups. In category 1, which
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includes 3’-dT6/5’-dT10 (I), 3’-dT0/5’-dT10 (II), and 3’-dT0/5’-dT6 (III), phase 2 50% or less of
the signal, indicating that the majority of RecBΔnucCD-DNA complexes are initially productive.
In category 2, 3’-dT6/5’-dT6 (IV), ~60% of the amplitude is phase 2. This is a surprising result,
especially compared to unwinding from a 3’-dT0/5’-dT6 end, since both contain a partially premelted 5’ tail. In category 3, 3’-dT6/5’-dT0 (V) and 3’-dT0/5’-dT0 (VI) ends, the majority of the
signal is phase 2. Again, somewhat surprisingly, the fraction of initially productive complexes
from a 3’-dT6/5’-dT0 is lower than from a 3’-dT0/5’-dT0. We expected having a pre-melted 3’ tail
would have been advantageous in producing a RecBΔnucCD-DNA complex that is unwinding
competent.
Deletion of the nuclease domain significantly slows kNP and increases sensitivity to DNA
ends
The value of kNP for RecBΔnucCD unwinding is up to 10-fold slower than for RecBCD,
indicating that the absence of the nuclease domain significantly slows the transition from
nonproductive to productive complexes (Fig. 12A). The value of kNP also depends on the DNA
end with the same categories as described in the previous section. Category 1, including 3’dT6/5’-dT10, 3’-dT0/5’-dT10, and 3’-dT0/5’-dT6, with the lowest fraction of phase 2, shows the
highest values of kNP, although these are still smaller than those for RecBCD. Within this group
RecBΔnucCD initiates unwinding fastest from a 3’-dT6/5’-dT10 end (5-fold faster than from a
blunt end (Fig. 12B), followed 3’-dT0/5’-dT10 and 3’-dT0/5’-dT6. In category 2, RecBΔnucCD
initiation from a 3’-dT6/5’-dT6 end shows an intermediate value of kNP. Category 3, containing
the DNA ends, 3’-dT6/5’-dT0 and 3’-dT0/5’-dT0, shows the smallest values of kNP. Again, this
result was unexpected as we expected that having a pre-melted 3’ tail would result in faster
initiation. The removal of the nuclease domain significantly slows the isomerization from
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nonproductive to productive and increases the sensitivity to the type of DNA end from which
unwinding is initiated (Fig. 12).
kC is not significantly affected by the number of pre-melted nucleotides for RecBCD
The initiation rate constant, kC, which we hypothesize reflects steps involving the
engagement of RecD with the 5’ tail, ranges between ~100-150 s-1, for RecBCD-catalyzed
unwinding from each DNA end (Fig. 14A). All kC values show only a ~1.5-fold difference,
suggesting that the rate of RecD engagement with the DNA is not greatly affected by the end
type (Fig. 14B). The number of kC steps, h, ranges between 1-3, which is consistent with
previous reports27–29 (Fig. 14C). Overall, the kinetics of DNA unwinding initiation by RecBCD
are only moderately affected by the number of pre-melted nucleotides at DNA binding site,
indicating that RecBCD is able to melt out DNA ends and engage both the RecB and RecD
motors and initiate unwinding with similar rates for all end types examined.
kC is significantly smaller in the absence of the nuclease domain and depends on DNA end
type
For RecBΔnucCD the initiation steps with rate constant, kC, are significantly smaller than
for RecBCD from all DNA end types and show greater variation with DNA end type (Fig. 14A
and B). For RecBΔnucCD-catalyzed unwinding, kC ranges from ~3-40 s-1, which is ~4-40-fold
slower than for RecBCD (Fig. 14A, Table 1). This suggests that RecD engagement with the 5’
strand is significantly slower in the absence of the nuclease domain.
Additionally, kC shows a significant dependence on DNA end type for RecBΔnucCD,
unlike RecBCD (Fig. 14B). The value of kC follows a similar trend as observed for kNP. Category
1 has the largest values of kC, with kC being largest for unwinding from a 3’-dT6/5’-dT10 end is
largest and is 10-fold larger than the value of kC for initiation from ends in category 3 (blunt and
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3’-dT6/5’-dT0). This result is expected as the 5’-dT10 tail is sufficiently long to engage RecD
while the 3’-dT6 is also sufficiently long to engage RecB. Category 2 shows an intermediate
value for kC. For category 3, with the smallest values of kC, the lag phase does not show a welldefined length-dependence. The absence of a well-defined, length dependent lag phase suggests
that kC is small enough to become nearly rate limiting (Supp. Fig. 5C). As kC becomes smaller,
the length-dependence of the lag phase becomes less clear until the time courses overlay for all
lengths. For RecBΔnucCD unwinding from blunt and 3’-dT6/5’-dT0 ends, kC is nearly rate limiting.
RecD engagement with the 5’ DNA end is significantly slower, even with a 5’ tail end of dT10 or
greater and shows greater heterogeneity in the absence of the nuclease domain.

Discussion
Deletion of nuclease domain decreases the extent of ATP-independent DNA melting by
RecBCD
Most DNA helicases require a single stranded DNA flanking region to efficiently initiate
DNA unwinding in vitro. RecBCD has the unusual ability to efficiently initiate unwinding from
a blunt DNA end due to its ability to melt out base pairs using only its binding free energy1,22,23.
In this chapter, I have demonstrated that RecBCD is able to initiate dsDNA unwinding equally
well from a blunt, partially pre-melted or fully pre-melted DNA ends. The observed RecBCDcatalyzed unwinding rate is the same for all tested end types (Fig. 10, Table 1) and shows only
small differences in initiation kinetics (Figs. 12 and 14, Table 1). However, deletion of the
nuclease domain significantly affects these activities. Consistent with the results presented in
Chapter 3, RecBΔnucCD-catalyzed unwinding is significantly slower than RecBCD from all DNA
end types, and the rate of unwinding by RecBΔnucCD is largely independent of DNA end type
examined (Fig. 10, Table 1). In contrast, the rate of unwinding initiation by RecBΔnucCD is
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sensitive to the DNA end type (Figs. 12 and 14, Table 1). We find that the effect of the DNA end
types falls into three categories for RecBΔnucCD. Initiation is relatively fast from DNA ends in
category 1, which includes 3’-dT6/5’-dT10, 3’-dT0/5’-dT10, and 3’-dT0/5’-dT6. In category 2,
initiation from 3’-dT6/5’-dT6 is intermediate, and initiation from category 3, which includes 3’dT6/5’-dT0 and 3’-dT0/5’-dT6 ends. In particular, the order of 3’-dT0/5’-dT6 > 3’-dT6/5’-dT6 > 3’dT6/5’-dT0 from faster to slower initiation rates is surprising given that the 5’ end is not
sufficiently long to engage RecD in the absence of DNA melting but all contain some pre-melted
tails. To explain this, we propose the model depicted in Figure 15. In this model, RecBCD melts
out sufficient DNA for RecB to be engaged with the 3’ strand, and if a sufficiently long 3’ premelted tail is present, no additional melting occurs. Because RecBCD initiation kinetics are not
significantly affected by DNA end type, we expect that RecBCD can melt enough DNA to
engage both motors with the DNA ends. However, RecBΔnucCD melts DNA to a lesser extent.
An unpublished cryo-EM structure of RecBΔnucCD bound to blunt-ended DNA shows that
RecBΔnucCD can melt only 3-4 bp from a blunt end in the absence of ATP2. In this model,
additional melting would need to occur for 3’-dT0/5’-dT10, 3’-dT0/5’-dT6, and blunt ends for the
RecB motor to be engaged with ssDNA. If RecBΔnucCD melts up to 4 bp from the duplex DNA
for 3’-dT0/5’-dT10, 3’-dT0/5’-dT6, and blunt ends, the resulting 5’ strand would be 14 bp, 10 bp
and 4 bp, respectively. The DNA ends in category 1, after melting to engage RecB, are
sufficiently long to engage RecD with 5’ ends of dT10, dT14 and dT10, for DNA substrates I-III,
respectively, explaining faster unwinding initiation from these ends. This model also explains
why unwinding initiation from 3’-dT6/5’-dT6 occurs on an intermediate time scale with 5’-dT6,
which is not sufficiently long to reach RecD but would be closer to the ATPase active site
compared to blunt and 3’-dT6/5’-dT0 ends which have 5’-dT4 and 5’-dT0 after melting,
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respectively. RecBCD is likely able to initiate similarly from the examined DNA ends because it
can melt more DNA than RecBΔnucCD. Recent cryo-EM studies show that RecBCD can melt at
least 11 bp, and binding studies indicate that RecBCD can at least interact with 17-18 bp of DNA
from a blunt end in an ATP-independent manner1. Additionally, RecBCD showed a Mg2+dependent increase in binding affinity, but removal of the nuclease domain eliminated this
effect2. As the melting of DNA has been shown to be Mg2+-dependent4,22,23, these data
emphasize a correlation between the nuclease domain and DNA melting.
Slower RecD engagement in the absence of nuclease domain
Even with a 5’ tail of sufficient length to reach RecD, RecBΔnucCD initiates unwinding
slower than RecBCD (Table 1). Single molecule studies of RecBCD bound to DNA with a
sufficiently long 5’ tail to engage RecD show conformational dynamics in the absence of ATP,
but do not show dynamics when the 5’ tail is not long enough to engage RecD45,46. The cryo-EM
structure of RecBΔnucCD bound to a blunt end DNA end also shows low RecD density2,
suggesting the importance of interaction between RecD and the nuclease domain. Previous single
molecule data suggests that once RecD is engaged, enzyme-DNA conformational dynamics
allow formation of an productive unwinding conformation45,46. In addition to decreased DNA
melting, the cryo-EM structure of RecBΔnucCD bound to DNA shows increased flexibility in
RecD2. DNA melting and engagement of both RecB and RecD motors with DNA ends is
necessary for efficient initiation and unwinding by RecBCD. Increased flexibility of RecD and
decreased DNA melting in the absence of the nuclease domain likely explains slower unwinding
initiation and slower processive unwinding by RecBΔnucCD and suggests a role for the nuclease
domain outside of its canonical role in DNA degradation.
Implications for the mechanism of dsDNA unwinding by RecBCD
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The initiation steps that must precede ATP-dependent DNA unwinding likely include
ATP-independent base pair melting and engagement of RecD with the 5’ end. Based on these
results, we propose an expanded model1 of DNA unwinding initiation by RecBCD depicted in
Figure 16. In the absence of DNA, the nuclease domain exists in dynamic equilibrium between
docked and undocked states and RecD is flexible. Upon DNA binding, RecBCD melts DNA
such that RecB engages with the 3’ ssDNA end. Recent cryo-EM structures show that RecBCD
bound to DNA exists in two major conformations1. The majority of RecBCD-DNA complexes
(63%) show ~11 bp melted and RecD shows strong density, while a minority (37%) show ~4 bp
melted and weak density for RecD and the nuclease domain. We speculate that these populations
may reflect the productive and non-productive fractions, respectively, of RecBCD-DNA
complexes observed in unwinding time courses. In the absence of the nuclease domain RecD
shows much more conformational heterogeneity and there is decreased DNA melting of only ~4
bp2, resulting in slower unwinding initiation. The RecBCD-DNA complex in which RecD is
engaged with the 5’ end shows conformational dynamics, which results in an unwindingcompetent state from which unwinding will begin. As discussed in Chapter 3, processive
unwinding is composed of a melting step and a translocation step, and likely the rate of
unwinding is significantly slowed due to a decreased rate of DNA melting in the absence of the
nuclease domain. This model suggests that nuclease domain functions, possibly allosterically,
and likely via DNA melting in the DNA unwinding initiation mechanism by RecBCD.
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Table 1. Average unwinding parameters for RecBCD and RecBΔnucCD unwinding of DNA
substrates I-VI in buffer M30 at 37°C fit to Scheme 1. The values are averages of three
experimental replicates and the errors are the standard deviation of the average.
DNA

I - T6 T10 *

II - T0 T10

III - T0 T6

IV - T6 T6

Protein

k U (s-1 )

m (bp/step)

k NP (s-1 )

k C (s-1 )

h ( steps)

x

% difference
compard to
RecBCD

RecBCD

1344 ± 168

1.35 ± 0.20

12.1 ± 0.9

116 ± 5

1.6 ± 0.3

0.74 ± 0.04

1795 ± 36

0.00332

-

505 ± 275

2.75 ± 2.03

5.0 ± 0.8

41 ± 33

1.1 ± 0.1

0.47 ± 0.16

1015 ± 134

0.00527

-43%

RecBCD

995 ± 61

1.74 ± 0.14

14.8 ± 0.4

110 ± 5

1.53 ± 0.33

0.70 ± 0.04

1726 ± 38

0.00306

-

647 ± 151

1.95 ± 0.68

3.03 ± 0.99 20.8 ± 11.7

1.08 ± 0.03

0.58 ± 0.19

1213 ± 261

0.00123

-30%

∆nuc

RecB

CD

RecBCD

1520 ± 427

1.18 ± 0.30

12.0 ± 0.8

115 ± 4

2.56 ± 0.06

0.72 ± 0.02

1706 ± 38

0.00294

-

RecB∆nucCD

603 ± 193

1.95 ± 0.56

2.72 ± 0.53

12.6 ± 2.5

1.04 ± 0.04

0.63 ± 0.10

1104 ± 19

0.00444

-35%

RecBCD

1579 ± 439

1.17 ± 0.34

11.6 ± 2.5

156 ± 52

2.60 ± 1.30

0.78 ± 0.03

1745 ± 24

0.00327

-

447 ± 245

2.58 ± 1.04

1.66 ± 0.23 7.52 ± 0.85

1.17 ± 0.07

0.71 ± 0.01

986 ± 56

0.00297

-43%

1073 ± 264

1.66 ± 0.38

8.9 ± 0.5

109 ± 16

1.61 ± 0.48

0.81 ± 0.02

1717 ± 40

0.00309

-

337 ± 165

3.60 ± 1.69

1.01 ± 0.1

2.63 ± 1.52

1.16 ± 0.03

0.49 ± 0.30

1071 ± 23

0.00343

-38%

1150 ± 141

1.53 ± 0.19

9.7 ± 2.3

141 ± 10

2.7 ± 0.5

0.77 ± 0.02

1738 ± 11

0.00287

-

460 ± 193

3.35 ± 1.77

1.02 ± 0.04

3.9 ± 0.4

1.34 ± 0.03

0.67 ± 0.05

1314 ± 132

0.00268

-24%

∆nuc

RecB

CD

∆nuc

RecB

CD

RecBCD
VI - Blunt*

fit rmsd

RecB∆nucCD

RecBCD
V - T6 T0

mk U (bp s-1 )

∆nuc

RecB

CD

* Data presented in Chapter 3
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Figure 1. Cryo-EM structure of RecBCD bound to blunt-end DNA (PDB: 7MR3). RecB (red),
RecB nuclease domain (purple), RecC (blue), RecD (green) and DNA (orange).
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Figure 2. dsDNA unwinding substrates with binding sites of various ssDNA tail lengths. Each
DNA substrate is composed of three oligodeoxynucleotides: a template strand with a 15 bp
hairpin and 4 nt loop that either has a 3’ blunt end (II, III, and VI) or an unpaired 3’-dT6 end (I,
IV, and V). The two labeled strands have a Cy3 and Cy5 FRET pair. The Cy3 labeled strand of
length, L, has a 5’ blunt end (V and VI), an unpaired 5’-dT6 end (III and IV) or an unpaired 5’dT10 end (I and II). The Cy5 labeled strand is of length, 80-L. The three DNA strands anneal to
form a hairpin duplex of 80 bp, containing two nicks. Data for substrates I and VI is presented in
Chapter 3.
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Figure 3. Schematic of fluorescence all-or-none stopped-flow experimental setup to study single
turnover kinetics of dsDNA unwinding and examples of the resulting time courses. A. Stopped-flow
assay schematic. Prebound enzyme-DNA complex is incubated in one syringe and ATP:Mg2+ and
protein trap are incubated in the second syringe. The reaction is initiated upon rapid mixing of contents
of the two syringes. B. Representative Cy3 and Cy5 time courses of dsDNA unwinding, where the
starting signal is set to zero. The Cy3 and Cy5 fluorescence signals show an initial lag phase (i) when
the Cy3 and Cy5 are in close proximity before the substrate is fully unwound. We observe an increase
in Cy3 fluorescence (ii) and decrease in Cy5 fluorescence (iv) accompanying DNA unwinding and
release of the Cy3 labeled strand. We also observe an initial increase in Cy5 fluorescence (iii) due to
the transfer of Cy3 PIFE to Cy5 before the expected decrease in Cy5 fluorescence.
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Figure 6. Comparison of the Cy3 time courses of RecBCD (closed squares) and RecBΔnucCD
(open circles) unwinding for L = 50 of the DNA substrates I-VI. The left panels are out to 1.5-5 s
to show the signal plateaus and the right panel shows the time course out to 0.1 s to emphasize
the lag phase. A. 3’-dT6/5’-dT10 (I), B. 3’-dT0/5’-dT10 (II), C. 3’-dT0/5’-dT6 (III), D. 3’-dT6/5’dT6 (IV), E. 3’-dT6/5’-dT0 (V), F. 3’-dT0/5’-dT0 (VI). For all DNA end types, RecBΔnucCD
reaches approximately the same final fluorescence, but takes longer to do so, indicating slower
unwinding.
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Figure 7. Comparison of the Cy5 time courses of RecBCD (closed squares) and RecBΔnucCD
(open circles) unwinding of L = 50 bp of DNA substrates I-VI. The left panels are out to 1.5-5 s
to show the signal plateaus and the right panel shows the time course out to 0.1 s to emphasize
the lag phase. A. 3’-dT6/5’-dT10 (I), B. 3’-dT0/5’-dT10 (II), C. 3’-dT0/5’-dT6 (III), D. 3’-dT6/5’dT6 (IV), E. 3’-dT6/5’-dT0 (V), F. 3’-dT0/5’-dT0 (VI). For all DNA end types, RecBΔnucCD nears
the same final fluorescence, but takes longer to do so, indicating slower unwinding.
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Figure 8. Representative time courses and simulations of global fits of RecBCD-catalyzed
unwinding of DNA substrates II-V and plots of the average number of unwinding steps, n, versus
duplex length, L, for three data sets of unwinding. Error bars represent the standard deviation of
three data sets. Time courses were obtained as a function of duplex length, L, (L = 25 bp (black),
30 bp (red); 40 bp (blue); 43 bp (green); 48 bp (purple); 50 bp (gold); 53 bp (cyan); and 60 bp
(brown)). Data points are a representative set of data, and the smooth curves are simulated time
courses based on the global NLLS best fits using Scheme 1. A. Time course and simulated fit for
unwinding of DNA substrate II (3’-dT0/5’-dT10). The best fit parameters are: kU = 995 ± 61s-1,
kNP = 14.8 ± 0.4 s-1, kC = 110 ± 5 s-1, h = 1.5 ± 0.3 steps, and x = 0.70 ± 0.04. B. The continuous
line shows the linear least-squares fit through the data (n = (0.569 ± 0.020)L + (3.80± 0.68)) for
unwinding of DNA substrate II. The average steps size m was determined from the inverse slope
of a plot of length versus n number of steps and is 1.74 ± 0.14 bp. The macroscopic unwinding
rate is mkU = 1726 ± 38 bp/s. C. Time course and simulated fit of unwinding of substrate III (3’dT0/5’-dT6). The best fit parameters are: kU = 1520 ± 427 s-1, kNP = 12.0 ± 0.8 s-1, kC = 115 ± 4 s1
, h = 2.6 ± 0.1 steps, and x = 0.72 ± 0.02. D. The continuous line shows the linear least-squares
fit through the data (n = (0.887 ± 0.134)L - (4.99 ± 1.72)) for unwinding of DNA substrate III.
The average steps size m was determined from the inverse slope of a plot of length versus n
number of steps and is 1.18 ± 0.30 bp. The macroscopic unwinding rate is mkU = 1706 ± 38 bp/s.
E. Time course and simulated fit of unwinding of DNA substrate IV(3’-dT6/5’-dT6). The best fit
parameters are: kU = 1579 ± 439 s-1, kNP = 11.6 ± 2.5 s-1, kC = 156 ± 52 s-1, h = 2.6 ± 1.3 steps,
and x = 0.78 ± 0.03. F. The continuous line shows the linear least-squares fit through the data (n
= (0.92 ± 0.06)L - (1.52 ± 1.98)) for unwinding of DNA substrate IV. The average steps size m
was determined from the inverse slope of a plot of length versus n number of steps and is 1.17 ±
0.34 bp. The macroscopic unwinding rate is mkU = 1745 ± 24 bp/s. G. Time course and simulated
fit of unwinding of DNA substrate V (3’-dT6/5’-dT0). The best fit parameters are: kU = 1073 ±
264 s-1, kNP = 8.9 ± 0.5 s-1, kC = 109 ± 16 s-1, h = 1.6 ± 0.5 steps, and x = 0.81 ± 0.02. H. The
continuous line shows the linear least-squares fit through the data (n = (0.626 ± 0.157)L + (1.38
± 2.15)) for unwinding of DNA V. The average steps size m was determined from the inverse
slope of a plot of length versus n number of steps and is 1.66 ± 0.38 bp. The macroscopic
unwinding rate is mkU = 1717 ± 40 bp/s.

157

158

Figure 9. Representative time courses and simulations of global fits of RecBΔnucCD-catalyzed
unwinding of DNA substrates II-V and plots of the average number of unwinding steps, n, versus
duplex length, L, for three data sets of unwinding. Error bars represent the standard deviation of
three data sets. Time courses were obtained as a function of duplex length (L = 25 bp (black), 30
bp (red); 40 bp (blue); 43 bp (green); 48 bp (purple); 50 bp (gold); 53 bp (cyan); and 60 bp
(brown)). Data points are a representative set of data, and the smooth curves are simulated time
courses based on the global NLLS best fits using Scheme 1. A. Time course and simulated fit for
unwinding of DNA substrate II (3’-dT0/5’-dT10). The best fit parameters are: kU = 647 ± 151s-1,
kNP = 3.0 ± 1.0 s-1, kC = 20.8 ± 11.7 s-1, h = 1.08 ± 0.03 steps, and x = 0.58 ± 0.19. B. The
continuous line shows the linear least-squares fit through the data (n = (0.494 ± 0.078)L - (2.43 ±
2.94)) for unwinding of DNA substrate II. The average steps size m was determined from the
inverse slope of a plot of length versus n number of steps and is 1.95 ± 0.68 bp. The macroscopic
unwinding rate is mkU = 1213 ± 261 bp/s. C. Time course and simulated fit for unwinding of
DNA substrate III (3’-dT0/5’-dT6). The best fit parameters are: kU = 603 ± 193 s-1, kNP = 2.7 ± 0.5
s-1, kC = 12.6 ± 2.5 s-1, h = 1.04 ± 0.04 steps, and x = 0.63 ± 0.10. D. The continuous line shows
the linear least-squares fit through the data (n = (0.523 ± 0.079)L - (4.86 ± 2.77)) for unwinding
of DNA substrate III. The average steps size m was determined from the inverse slope of a plot
of length versus n number of steps and is 1.95 ± 0.56 bp. The macroscopic unwinding rate is mkU
= 1104 ± 19 bp/s. E. Time course and simulated fit for unwinding of DNA substrate IV (3’dT6/5’-dT6). The best fit parameters are: kU = 447 ± 245 s-1, kNP = 1.7 ± 0.2 s-1, kC = 7.5 ± 0.9 s-1,
h = 1.2 ± 0.1 steps, and x = 0.71 ± 0.01. F. The continuous line shows the linear least-squares fit
through the data (n = (0.272 ± 0.069)L - (1.39 ± 2.16)) for unwinding of DNA substrate IV. The
average steps size m was determined from the inverse slope of a plot of length versus n number
of steps and is 2.58 ± 1.04 bp. The macroscopic unwinding rate is mkU = 1745 ± 24 bp/s. G.
Time course and simulated fit for unwinding of DNA substrate V (3’-dT6/5’-dT0). The best fit
parameters are: kU = 337 ± 165 s-1, kNP = 1.0 ± 0.1 s-1, kC = 2.6 ± 1.5 s-1, h = 1.16 ± 0.03 steps,
and x = 0.49 ± 0.30. Step size, m, was determined as an explicit fitted parameter and was found
to be 3.60 ± 1.69 bp/step.
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Figure 10. The effect of DNA end type on the macroscopic unwinding rate (mkU) for RecBCD
(red) and RecBΔnucCD (blue) in buffer M30 at 37°C. The average rates are determined from
simulated fits using Scheme 1 (Table 1). RecBCD unwinds signficantly faster than RecBΔnucCD
from all DNA end types, however the macroscopic unwinding rate is not greatly affected by
DNA end type for RecBCD or RecBΔnucCD.
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Figure 11. Representative Cy3 and Cy5 time courses for RecBCD (red) and RecBΔnucCD (blue)catalyzed unwinding from a 3’-dT6/5’-dT10 DNA end to illustrate phase 1 and 2 in the unwinding
signals. The distinction between phase 1 and 2 is more easily observed in the Cy3 signals. Time
courses for A. Cy3 RecBCD unwinding, B. Cy3 RecBΔnucCD unwinding, C. Cy5 RecBCD
unwinding, and D. Cy5 RecBΔnucCD unwinding.
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Figure 12. Effect of the DNA end type on the rate constant kNP and the productive complex
fraction, x, for RecBCD (red) and RecBΔnucCD (blue) dsDNA unwinding in buffer M30 at 37°C.
A. Average values are determined from fits to Scheme 1 (Table 1). The value of kNP for RecBCD
unwinding is signficantly larger than for RecBΔnucCD from all DNA end types. B. The calculated
fold-change of the value of kNP compared to unwinding from a blunt end for RecBCD and
RecBΔnucCD, respectively. For RecBCD, the value of kNP is not significantly affected by DNA
end type. In constrast, for unwinding by RecBΔnucCD, the DNA end type does significantly affect
kNP. We observe ~5-fold difference between blunt and fully pre-melted DNA ends. C. Fraction
of productive complexes, x.
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Figure 13. Fractional amplitude of phase 2 of RecBΔnucCD Cy3 unwinding time courses for each
length unwound, L, for each DNA end type 3’-dT6/5’-dT10 (I) (red), 3’-dT0/5’-dT10 (II) (purple),
3’-dT0/5’-dT6 (III) (green), 3’-dT6/5’-dT6 (IV) (blue), 3’-dT6/5’-dT0 (V) (gold), 3’-dT0/5’-dT0
(VI) (black). Generally, the end types fall into three categories based on phase 2 amplitude.
Category 1: unwinding from 3’-dT6/5’-dT10 (I), 3’-dT0/5’-dT10 (II), and 3’-dT0/5’-dT6 (III) show
< 50% in phase 2. Category 2: unwinding from 3’-dT6/5’-dT6 (IV) shows ~60% of amplitude in
phase 2. Category 3: unwinding from 3’-dT6/5’-dT0 (V) and 3’-dT0/5’-dT0 (VI) shows > 75% of
the amplitude signal in phase 2.

163

Figure 14. Effect of the DNA end type on the rate constant kC and number of kC steps, h, for
RecBCD (red) and RecBΔnucCD (blue) unwinding in buffer M30 at 37°C. Average values are
determined from fits to Scheme 1 (Table 1). A. For all DNA end types, the value of kC for
unwinding by RecBCD is signficantly faster than for RecBΔnucCD. B. The calculated fold-change
of the value of kC compared to unwinding from a blunt end for RecBCD and RecBΔnucCD. For
RecBCD, the value of kC is not significantly affected by DNA end type. In constrast, for
unwinding by RecBΔnucCD, the DNA end type does significantly affect kC. We observe greater
than 10-fold difference between blunt and fully pre-melted DNA ends. C. Number of kC steps, h.

164

Figure 15. Model for DNA melting by RecBCD to engage RecB with 3’ tail. RecB (red) and
RecD (green) motor ATPases are indicated by yellow circles. RecC subunit is shown in blue and
RecB nuclease domain in purple. The left column shows the theoretical RecBCD-DNA
interaction in the absence of DNA melting. The right column shows the RecBCD-DNA
interaction after DNA melting such that the 3’ tail is sufficiently long to reach the RecB motor
domain. The cyan DNA base pairs are a guide for DNA melting.
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Figure 16. Expanded cartoon model (Hao et al. JMB 2021) summarizing the RecBCD
conformational and DNA melting heterogeneity and steps to get to an unwinding competent
RecBCD-DNA complex. In the absence of DNA, RecBCD shows conformational heterogeneity
with the majority of RecBCD molecules displaying conformational dynamics with the nuclease
of RecD domains. Upon binding blunt ended DNA, RecBCD-DNA complexes show two main
populations. The minority population shows melting of 3-4 bp and RecD remains flexible, and
the nuclease domain is dynamic. The majority of RecBCD-DNA complexes show melting of at
least 11 bp of DNA along with a stabilized RecD and docked nuclease domain. Additional
RecBCD-DNA conformational changes likely occur once RecD is stabilized or engaged with the
5’ DNA end, and RecBCD-DNA unwinding competent state is reached. Deletion of the nuclease
domain increases flexibility of RecD and decreases DNA melting, making DNA unwinding
initiation and processive unwinding significantly slower.
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Supplemental Table 1. Sequences for dsDNA unwinding substrates.
Cy3 labeled unwinding substrates:
L (nt)
25
30
37
40
43
48
50
53
60

(25)
(30)
(37)
(40)
(43)
(48)
(50)
(53)
(60)

DNA sequence
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA A Cy3-3’
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA Cy3-3’
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC G Cy3-3’
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA A Cy3-3’
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC A Cy3-3’
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC ATC CAT Cy3-3’
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC ATC CAT GT Cy3-3’
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC ATC CAT GTG CT Cy3-3’
5’-((dT)6 or (dT)10) TGT GTC ACA GTT ACT CAG ACT TGA ATG TCA TGT CTC GAA ATC ATC CAT GTG CTA GAG ACA Cy3-3’

Cy5 labeled unwinding substrates:
L
25
30
37
40
43
48
50
53
60

(nt)
(55)
(50)
(43)
(40)
(37)
(32)
(30)
(27)
(20)

DNA sequence
5’-Cy5 TG TCA TGT CTC GAA ATC ATC CAT GTG CTA GAG ACA TCA TCT GTA ATG AAG TAG AC-3’
5’-Cy5 TGT CTC GAA ATC ATC CAT GTG CTA GAG ACA TCA TCT GTA ATG AAG TAG AC-3’
5’-Cy5 AA ATC ATC CAT GTG CTA GAG ACA TCA TCT GTA ATG AAG TAG AC-3’
5’-Cy5 TC ATC CAT GTG CTA GAG ACA TCA TCT GTA ATG AAG TAG AC-3’
5’-Cy5 TC CAT GTG CTA GAG ACA TCA TCT GTA ATG AAG TAG AC-3’
5’-Cy5 GTG CTA GAG ACA TCA TCT GTA ATG AAG TAG AC-3’
5’-Cy5 G CTA GAG ACA TCA TCT GTA ATG AAG TAG AC-3’
5’-Cy5 TA GAG ACA TCA TCT GTA ATG AAG TAG AC-3’
5’-Cy5 TCA TCT GTA ATG AAG TAG AC-3’

Unwinding Template strand (underlined nucleotides form 15 bp hairpin with 4 nt loop)
5’ AGA TCC TAG TGC AGG TTT TCC TGC ACT AGG ATC TGT CTA CTT CAT TAC AGA TGA TGT CTC TAG CAC ATG GAT GAT TTC GAG ACA
TGA CAT TCA AGT CTG AGT AAC TGT GAC ACA ((dT)6) 3’
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Supplemental Figure 1. Simulations using Scheme 1 to show the contribution of nonproductive, (RD)NP, and productive, (RD)P, populations to the overall unwinding time courses.
The following parameters were used in the simulations: kU = 500 s-1, m = 3 bp/step, L = 40 bp,
kNP = 1 s-1, kC = 30 s-1, h = 1 step. Panels on the left and right show simulations out to 5 s and 0.5
s, respectively. We simulated various values of the fraction of productive complexes, x. A. All
enzyme-DNA complexes are productive, (RD)P, such that x = 1 (red); all enzyme-DNA
complexes begin are non-productive, (RD)NP, such that x = 0 (black) and A = 0.5 for both
fractions. Additionally, we simulated the scenario where half of enzyme-DNA complexes begin
in each (RD)NP and (RD)P complexes, such that x = 0.5 (blue) with A = 1. The sum of Cy3
fluorescence for x = 1 and x = 0 (green) overlays the time course of x = 0.5, showing that the
(RD)NP and (RD)P populations additively contribute to the total population. B. The same
simulations are shown as in (A.), except that, where the x = 0, the Cy3 signal baseline is offset by
+ 0.5. These simulated data support that the first phase of the unwinding time course is
dominated by enzyme-DNA complexes that begin in the productive, (RD)P, conformation, while
the second phase is dominated by enzyme-DNA complexes that begin in the non-productive,
(RD)NP, conformation.
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Supplemental Figure 2. Simulations using Scheme 1, illustrating the effect of varying the
fraction, x, of enzyme-DNA complexes initially in (RD)P. The following parameters were used in
the simulations: kU = 500 s-1, m = 3 bp/step, kNP = 20 s-1, kC = 150 s-1, h = 1 step, L = 40 bp.
Values of x = 1 (black), 0.9 (red), 0.5 (blue), 0.1 (green), and 0 (purple). A. Cy3 signal, where A
= 0.5. B. Cy5 signal where A = -0.1 and B = 4.
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Supplemental Figure 3. Simulations using Scheme 1, illustrating the effect of varying the value
of kNP. The following parameters were used in the simulations: kU = 500 s-1, m = bp/step, kC =
150 s-1, h = 1 step, L = 40 bp and x = 0.5. Values of kNP = 100 s-1 (black), 50 s-1 (red), 20 s-1
(blue), 10 s-1 (green), and 1 s-1 (purple). A. Cy3 signal, where A = 0.5. B. Cy5 signal where A = 0.1 and B = 4.
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Supplemental Figure 4. Modeling of unwinding based on Scheme 2, recapitulating the “dip”
seen in the Cy3 signal of RecBΔnucCD unwinding. Parameters used are: kU = 250 s-1, kNP = 1.04 s1
, kNP-1 = 0.89 s-1, kC = 2 s-1, kC-1 = 25 s-1, kend = 3 s-1, kend-1 = 28 s-1.
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Supplemental Figure 5. Simulations using Scheme 1 to show that the presence of a length-dependent
lag diminishes when the initiation step with rate constant kC becomes increasingly rate limiting. Except
for kC, all other parameters are constant: L = 30 (black), 40 (red), 50 (blue), 60 (green) bp, kU = 1000 s1
, m = 3 bp/step, h = 2 steps, kNP = 20 s-1, A = 1 and x = 0.9. A. When kU = kC (kC = 1000 s-1), there is a
clear length-dependent lag phase. The rate limiting steps are the repeated unwinding steps and the total
duration of the unwinding steps depends on the number of steps taken or base pairs unwound. B. When
kU > kC (kC = 100 s-1), the length-dependent lag phase is still observable, but the lag times are closer
together. C. When kU >> kC (kC = 10 s-1), the lag phase is not length-dependent, because kC is the rate
limiting step and does not depend on the number of unwinding steps.
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Chapter V
Kinetics and dynamics of ATP-independent DNA melting
by RecBCD and RecB CD using single molecule TIRF
and ensemble fluorescence binding experiments

177

Abstract
We set out to examine the extent and dynamics of ATP-independent, Mg2+-dependent
DNA melting by RecBCD and the role of the nuclease domain in DNA melting. We performed
single molecule (sm) total internal reflection fluorescence (TIRF) experiments using DNA
substrates that were labeled with the FRET pair Cy3 (donor) and Cy5 (acceptor). The DNA
substrates had blunt, partially pre-

-dT6

-dT6), or fully pre-

-dT6

-dT10)

binding sites. The data suggested some melting of DNA with blunt and fully pre-melted ends by
RecBCD in the presence of Mg2+. However, the smTIRF time courses were difficult to analyze
and interpret due in large part to the presence of Cy3 protein induced fluorescence enhancement
(PIFE) upon binding of RecBCD, which is then transferred to Cy5 via FRET. We, therefore,
turned to ensemble fluorescence binding experiments to better understand the nature of the
fluorescence signals that were observed in the smTIRF experiments. We examined fluorescence
enhancement of DNA substrates labeled with Cy3 only, Cy3 and Cy5, Cy5 only, Cy3B only,
Cy3B and Cy5, and Cy5 and black hole quencher (BHQ2). Each fluorophore or fluorophore pair
has some advantages and disadvantages, with the Cy5/BHQ2 pair appearing to be the most
promising for examining DNA melting by RecBCD. Careful labeling schemes to avoid
fluorophore-fluorophore or fluorophore-DNA interactions, or the ability to interpret close range
fluorescence signals will be needed to measure DNA melting by RecBCD using these methods.
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Introduction
E. coli RecBCD is a hetero-trimeric helicase/nuclease that mediates the major pathway of
homologous recombination1 3. In DNA repair, RecBCD binds to double stranded breaks,
unwinds duplex DNA, and is also involved in loading RecA protein that then catalyzes DNA
strand invasion to initiate homologous recombination3 7. RecBCD is composed of three subunits
RecB (134 kDa), RecC (129 kDa) and RecD (67 kDa)2. The RecB subunit contains a
superfamily 1A motor domain and translocates along single stranded (ss) DNA with
directionality8,9. The RecB subunit also possesses a 30 kDa nuclease domain that is responsible
for the nuclease activity and is attached to the motor domain via a ~60 amino acid linker 2,10,11.
The RecD subunit contains a superfamily 1B motor domain and translocates along ssDNA with
directionality12. Although RecB and RecD translocate with opposite directionalities, they
do so on the complementary DNA strands of the unwound DNA duplex, which results in
translocation of both motors in the same net direction along the DNA13,14. RecC does not have
ATPase or helicase activity but is responsible for recognition of the crossover hotspot instigator
(chi or ) site ( -GCTGGTGG- ), a regulatory sequence in the E. coli genome15,16. During
homologous recombination, recognition of a
15 18.

site results in several changes in RecBCD activity

Prior to -recognition, RecBCD unwinds dsDNA while the nuclease activity degrades both
. Upon -recognition, the nuclease

with the nuclease domain of RecB, and the DNA unwinding rate is reduced ~two-fold19

23.

Given that the rate of DNA unwinding and nuclease activity change concurrently, we
hypothesized that the nuclease domain may influence the rate of DNA unwinding. In Chapters 3
and 4, we examine the rates of dsDNA catalyzed by RecBCD and RecB
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CD, a RecBCD

variant where the C-terminal RecB nuclease domain is deleted. In Chapter 3, I demonstrate that
the removal of the nuclease domain results in significantly slower unwinding, and we
hypothesized that this was due to a decrease in the rate or extent of DNA melting in the absence
of the nuclease domain. In Chapter 4, I showed that RecBCD unwinds with similar kinetics from
blunt, partially pre-melted or fully pre-melted DNA ends. However, DNA unwinding by
RecB

CD was significantly slower from all DNA end types, and also showed significantly

slower initiation of DNA unwinding, possibly due to effects on the DNA melting steps.
The ATP-independent DNA melting by RecBCD is a notable activity and allows
RecBCD to efficiently initiate unwinding from a blunt DNA end. ATP-independent melting was
first demonstrated by Farah and Smith5 who found that RecBCD could melt 4-6 bp from the
blunt end of a DNA in an ATP-independent but Mg2+-dependent manner. RecBC, also a
processive helicase, which lacks the RecD subunit, also shows ATP-independent, Mg2+dependent DNA melting but does not initiate DNA unwinding well from a blunt end, suggesting
that RecD is also important for DNA melting and efficient DNA unwinding initiation24,25. Single
molecules studies have observed ATP-independent opening and closing of DNA base pairs and
increased dynamics when the DNA end possesses a

ed single strand that is sufficiently

long to engage the RecD motor, supporting the hypothesis that RecD-DNA interactions play a
role in DNA melting26,27.
To gather information regarding both the kinetics and extent of DNA melting, we
attempted to examine DNA melting by RecBCD and RecB

CD using single molecule total

internal reflection fluorescence (smTIRF) microscopy. We found, however, that the analysis and
interpretation of the resulting fluorescence signals was complicated due to the presence of Cy3
protein induced fluorescence enhancement (PIFE). We turned to ensemble binding experiments
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to better understand the fluorescence signals that were observed in the sm experiments. We
examined fluorescence signals due to RecBCD (or variants) binding to DNA labeled with Cy3
only, Cy3 and Cy5, Cy5 only, Cy3B only, Cy3B and Cy5, and Cy5 with black hole quencher 2
(BHQ2). Each labeling scheme proved somewhat difficult to interpret, but the Cy5/BHQ2 pair
appears promising for examining DNA melting by RecBCD due to a large signal change and the
absence of PIFE upon binding of RecBCD. Combined, these experiments illustrate the
complications of using the Cy3/Cy5 FRET pair for quantitative analyses of DNA melting and
suggest alternative FRET pairs are needed in order to interpret a fluorescence signal that reports
on DNA melting.

Materials and Methods
Buffers
Reagent grade chemicals and double-distilled water further deionized with a Milli-Q
purification system (Millipore Corp., Bedford, MA) were used to make all buffers. Buffers and
g, NY) after
preparation. RecBCD and variants were stored in buffer C-, which is 20 mM potassium
phosphate, pH 6.8 at 4°C, 0.1 mM 2-mercaptoethanol, 0.1 mM EDTA, 10% (v/v) glycerol.
Ensemble experiments were carried out in buffer M, which is 20 mM MOPS-KOH (pH 7.0), 5%
(v/v) glycerol, 0.1 mM EDTA, 1 mM 2-mercaptoethanol and the indicated [NaCl]. We use a
.g., buffer M30 contains 30 mM NaCl).

3 mM Trolox and 0.5% dextrose. Varying concentrations of MgCl2 were
added to buffer M and are noted in the text. The concentration of stock MgCl2 solutions was
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determined by measuring the refractive index using a Mark II refractometer (Leica Inc., Buffalo,
NY), which can be related to the [MgCl2] using a standard refractometry table29.
Proteins
RecBCD was expressed from the pTRC99a plasmid in E. coli strain V283130.
RecB

CD, containing a deletion of amino acids 930-1180 of RecB and RecBD1080ACD were

expressed from pPB800 and pPB520 plasmids in E. coli strain V2601, a variant of V186
expressing the lacIq gene31. V2831 and V2601 contain deletions of the chromosomal recB, recC,
and recD genes30. The purification protocols for RecBCD, RecBD1080ACD and RecB
modified from previous studies32

35

CD were

and are described at length in Chapter 2. All proteins were

centrifugation (data not shown) and stored in buffer C- at -80°C. Purified RecBCD,
RecBD1080ACD, and RecB

CD were extensively dialyzed versus buffer M at 4 C before use in

experiments and concentrations were determined spectrophotometrically using the extinction
coefficients
(RecB

260 =

4.5 x 105 M-1cm-1 (RecBCD and RecBD1080ACD) and

nucCD)32,34,36 38.

260 =

4.11 x 105 M-1cm-1

Bovine serum albumin (BSA) (Sigma St. Louis, MO) was dialyzed in

buffer M and concentrations were determined spectrophotometrically using the extinction
coefficient24,39,

260 =

4.38 x 104 M-1cm-1.

DNA
The sequences of DNA oligonucleotides used in this chapter are shown in Table 1. All
DNA substrates except for BCD1-5idt were synthesized using a MerMade 4 synthesizer
(Bioautomation, Plano, TX) with phosphoramidite reagents (Glen Research, Sterling, VA) and
purified by Thang Ho as described13. These DNA substrates were labeled with Cy3 and Cy5
phosphoramidites. DNA substrates BCD1-5idt were ordered from Integrated DNA Technologies,
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Inc (Coralville, IA). These DNA substrates were labeled with Cy3B and Cy5 via NHS ester
linkages. The concentration of each oligodeoxynucleotide was determined
spectrophotometrically as described6,14 by digesting with phosphodiesterase I (Worthington,
Lakewood, NJ) in PBS buffer at 25°C to form a mixture of mononucleotides. The absorbance of
the resulting mixture of mononucleotides was measured at 260 nm. The extinction coefficient at
260 =

AMP,

260 =

7600 M-1 cm-1

260 =

12,160 M-1 cm-1

15,340 M-1 cm-1 for

260 =

8700 M- 1cm-1 for

TMP) based on the sequence of each DNA strand (Table 1) and the dyes. The following
extinction coefficients were used for the dyes:
1

for Cy5,

260 =

260 =

4930 M-1 cm-1 for Cy3,

8000 M-1 cm-1 for BHQ-2 (Glen Research), and

260 =

260 =

10000 M-1 cm-

14800 M-1cm-1 for Cy3B.

Double stranded constructs were annealed by combining equal molar amounts of each strand.
The respective mixture of oligonucleotides was heated to 95°C for 5 minutes and allowed to
slowly cool to 25°C. After annealing a 3x molar concentration of NeutrAvidin protein (Thermo
Fisher Scientific, Rockford, IL) was added to the mixture and equilibrated for at least 5 minutes
before use to block binding of enzyme at the biotinylated end.
BCD1-5idt Cy3B and Cy5 NHS ester labeling
The Cy3B fluorophore was not available as a phosphoramidite reagent, so the
oligodeoxynucleotides BCD1-5idt included amino modifiers as indicated in Table 1 (Integrated
DNA Technologies, Inc, Coralville, IA). Unlabeled oligodeoxynucleotide substrate was
extensively dialyzed in 0.1 M sodium bicarbonate and labeled with Cy3B Mono Reactive NHS
Ester or Cy5 Mono Reactive NHS Ester (Cytiva, Marlborough, MA). A 10-fold molar excess of
Cy3B or Cy5 Mono Reactive NHS Ester dissolved in anhydrous dimethyl sulfoxide was added to
the DNA and incubated overnight at 25°C with gentle oscillation. The labeling reaction was
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quenched by dialyzing the dye-DNA solution verses 1 M Tris pH 8.1. Labeled and unlabeled
oligonucleotide was separated by passage over a Xterra MS C18 column (Waters, Milford, MA).
The concentration of each oligodeoxynucleotide was determined spectrophotometrically as
described above. The DNA was 98% labeled.
Single molecule TIRF experiments
Single molecule total internal reflection fluorescence (smTIRF) experiments were
performed on an objective-type TIRF microscope (IX71 inverted microscope, model
IX2_MPITIRTL; Olympus) with an oil immersion objective (60×/1.45 NA PlanApo N;
Olympus) as described40,41. Experiments were performed in imaging buffer at 25°C. The
temperature of the slide was maintained at 25°C using both a temperature-controlled stage (BC110 Bionomic controller; 20/20 Technology) and an objective heater (Bioptechs). The Cy3
fluorophore was excited with a 532-nm laser (CrystaLaser), and the fluorescence emissions of
Cy3 and Cy5 were recorded at a 32-ms resolution (30.3-ms exposure time) for 3 4 min on Andor
iXon EMCCD camera (Model DU897E). Data were collected using SINGLE, a custom program
provided by the laboratory of Taekjip Ha (Johns Hopkins University). Raw data files were
processed with IDL (Exelis VIS) and individual intensity vs. time trajectories were analyzed with
MATLAB (Mathworks) as described40. The FRET efficiency was calculated from the ratio of
corrected Cy3 and Cy5 signals as described40,42.
Ensemble fluorescence DNA binding assay
Fluorescence titrations of RecBCD, RecBD1080ACD or RecB

CD were performed as

described24,31,34,43 using a PTI QM-4 fluorometer (Photon Technology International,
Lawrenceville, NJ) with a Xe lamp. Slit widths were set at 0.2 nm and 0.8 nm for excitation and
emission, respectively. The sample temperature was set to 25°C and controlled using a Lauda
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RM6 recirculation water bath (Brinkmann, Westbury, NY). Experiments were performed using
Type 3 quartz fluorometer cuvettes (3.5 ml) with 10 mm pathlength (NSG Precision Cells Inc.,
Farmingdale, NY). RecBCD, RecBD1080ACD or RecB

CD binding to a DNA substrate was

measured in a cuvette with 1.9 ml of buffer M, containing the DNA substrate and 6 µM of
Bovine serum albumin (BSA) (Sigma St. Louis, MO). BSA was used to prevent enzyme from
sticking to cuvette walls as described24,33. The initial fluorescence intensity from the DNA
substrate alone (F0) was recorded after the emission signal equilibrated. For DNA substrates with
ex =
em=

572 nm. For DNA substrates with only Cy5,
ex =

em=

515 nm and

635 nm and monitoring fluorescence emission at

668 nm. For DNA substrates with both Cy3/Cy3B and Cy5, fluorescence was measured by
em=

ex

572 nm and 668 nm. The

sample solutions in the cuvettes were stirred continuously using a Teflon coated P-73 cylindrical
magnetic stir bar (diameter of 8mm, NSG Precision Cells Inc)24. Upon each addition of enzyme,
the solution was stirred for at least 3 min or until the emission signal stabilized before
fluorescence intensity (Fobs,i) was recorded. The recorded signal (Fobs,i) was corrected for
background fluorescence using a cuvette with only buffer and 6 M BSA (Fb,i). The corrected
fluorescence (Fcorr,i) at each titration point was corrected for dilution and background44 using
equation (1),
(1)
where V0 is the volume before the first addition and Vi is the volume after the ith addition. We
define enhancement as the observed relative fluorescence change
(2)
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obs)

as in 40,42equation (2),

where (Fcorr,0) is the initial background-corrected fluorescence of the reference DNA alone.
Enzyme was added until the fluorescence intensity signal was saturated, i.e. did not change upon
further addition of enzyme. These experiments were performed in buffer M30 or buffer M50 (no
MgCl2), and upon equilibration of the fluorescence, MgCl2 was titrated to the sample to examine
the effect of MgCl2 on binding and melting of DNA by RecBCD or RecBCD variant.

Results
Single molecule TIRF experiments
RecBCD can melt 4-11 bp from a blunt DNA end in an ATP-independent manner using
only its binding free energy, allowing it to efficiently initiate DNA unwinding2,5,24,35,43. We
sought to compare the kinetics and dynamics of this ATP-independent, Mg2+-dependent DNA
melting by RecBCD and RecB

CD using smTIRF microscopy. We designed double stranded

(ds) DNA substrates with a Cy3 donor fluorophore and a Cy5 acceptor fluorophore (Fig. 1A) that
undergo Förster Resonance Energy Transfer (FRET). The Cy3 and Cy5 fluorophores are
incorporated within the DNA backbone and are in close proximity in the annealed DNA
substrate, resulting in high FRET. We hypothesized that upon DNA binding and DNA melting
by RecBCD, the fluorophores would become further separated, resulting in a decrease of FRET.
We expected that the addition of Mg2+ to the RecBCD-DNA complex would result in further
melting by RecBCD, which could be observed as a further decrease in FRET or increased
fluctuation in the FRET signal if dynamic melting events were observed.
We used DNA substrates with a blunt end (I) (BCD41.44), a partially predT6

-dT6) (II) (BCD42.45) and fully pre-

-dT6

-

-dT10) (III) (BCD43.45) in

which the Cy3 and Cy5 labels were placed 3 base pairs from the blunt end or the ss/ds DNA
junction (Fig. 1A). These DNA substrates were designed to examine how a partially or fully pre-
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melted DNA end affects the extent and dynamics of DNA binding and melting by RecBCD and
RecB

CD.
In the smTIRF experiments, the DNA is attached to the slide surface via biotin-

neutravidin linkage

(Fig. 1B). Experiments

performed in imaging buffer at 25°C yielded the expected signal for DNA only, showing
sustained, high FRET with little to no fluctuations (Fig. 1C). The Cy3/Cy5 labeled DNA
substrates all showed high FRET of ~0.9, regardless of end type (Fig. 2). Binding of RecBCD to
DNA in the absence of Mg2+ showed primarily sustained high FRET, although a few fluctuations
to lower FRET states were observed (Fig. 1D). Addition of Mg2+ to the RecBCD-DNA complex
showed sustained high FRET with some fluctuation to lower FRET states (Fig. 1E).
The effect of RecBCD binding on the average DNA FRET value was dependent on DNA
end type. Binding of RecBCD to blunt ended DNA in the absence of Mg2+ resulted in a shift to
an average FRET of ~0.7, and addition of 10 mM MgCl2 did not result in a significant shift in
the peak FRET value, although a shoulder with a slightly lower FRET value appeared, a possible
indication of some DNA melting (Fig. 2A). The binding of RecBCD to

-dT6

-dT6 ended

DNA in the absence and presence of Mg2+ did not result in a change in the average FRET value
(Fig. 2B). However, binding of RecBCD to

-dT6

-dT10 ended DNA shifted the peak FRET

value slightly to a FRET efficiency of ~0.8, and the addition of 10 mM MgCl2 further shifts the
peak to lower FRET efficiency of ~0.7 with an accompanied shoulder at lower FRET (Fig. 2C).
These results suggest that DNA melting occurs for blunt ended DNA and DNA with a
dT10

-dT6

-dT6

-

-dT6 end. However, the interpretation of these results

must be viewed as preliminary due to the complications described below.
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Analysis and interpretation of the fluorescence signals proved to be ambiguous for
several reasons. One, under these experimental conditions, photobleaching of Cy3 was not
observed for most molecules, which is needed for a baseline correction of Cy3 intensity. In the
absence of an accurate baseline correction, accurate FRET values cannot be determined. Second,
Cy3 undergoes protein induced fluorescence enhanced (PIFE) upon binding of RecBCD 45

47,

and

the Cy3 PIFE is then transferred to Cy5 via FRET33. I was not able to find a method to separate
the changes in PIFE and FRET, although some studies have described methods to accomplish
this47. Finally, the fluorophores may interact with each other due to their close proximity. In this
case, a change in fluorescence intensity would be observed upon binding of RecBCD due to the
disruption of the physical interaction between the fluorophores, rather than DNA base pair
melting. Future use of smTIRF to examine ATP-independent melting by RecBCD will require
different DNA labeling schemes and better methods for fluorescence corrections.
Ensemble studies to examine RecBCD-DNA end binding
We used ensemble fluorescence binding experiments to examine the fluorescence signals
associated with RecBCD and RecB

CD binding to the fluorophore-labeled DNA ends. In

addition to DNA substrates I-III with Cy3 and Cy5 labels, we also examined binding to DNA
substrates labeled with only Cy3, Cy3B and Cy5, Cy3B only, Cy5 only and Cy5 and black hole
quencher-2 (BHQ-2) in order to determine if the other fluorophores provide a better measure of
DNA melting.
Cy3 PIFE
As described above, one complication of DNA substrates labeled with both Cy3 and Cy5
is that Cy3 PIFE resulting from protein binding will be transferred to Cy5, making a potential
melting signal more difficult to interpret24,33,48. In an attempt to isolate the observed Cy3 PIFE
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signal, we examined DNA substrates IV-VI, labeled with only Cy3 (Fig. 3A). The labeled end of
DNA contains the following ends:

-dT6

-dT6

-dT6

-dT10 (VI).

Cy3 fluorescence is measured using an excitation wavelength of 515 nm and emission is
monitored at 572 nm in buffer M30 (no Mg2+) at 25 C. Cy3 enhancement is monitored as
RecBCD is titrated into DNA and analyzed using Eq. (1) and (2). Binding to blunt ended DNA
results in ne

-dT6

-dT6 and

-dT6

-

dT10, which show similar Cy3 enhancement (Fig. 3B). Addition of MgCl2 into the RecBCDblunt ended DNA complex results in a slight further Cy3 enhancement, while a slight decrease in
Cy3 enhancement is observed upon addition of MgCl2 into

-dT6

-dT6

-dT6

-dT10

DNAs. Thus, the addition of Mg2+ results in some change in the RecBCD-DNA interaction, but
the specifics are difficult to interpret.
We next performed the same experiments with RecB
RecB

CD (Fig. 3C). Binding of

CD results in approximately the same extent of Cy3 enhancement as RecBCD. Addition

of MgCl2 to the RecB

CD-DNA complexes for all DNA end types, however, shows little to no

change in Cy3 enhancement. Thus, if there is some effect of Mg2+ on melting of DNA by
RecB

CD, it is not measurable using these DNA substrates.

Cy3 and Cy5 labeled DNA
We next performed ensemble binding experiments of RecBCD and RecB

CD binding

to DNA substrates I-III (Fig. 1A), which were used in the preliminary smTIRF experiments in
buffer M30 at 25°C followed by titration of MgCl2 to the enzyme-DNA complexes. The
excitation wavelength was 515 nm and emission was monitored at 572 nm and 668 nm for Cy3
and Cy5 fluorescence, respectively.
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RecBCD binding to blunt ended DNA (I) (BCD41.44) in the absence of Mg2+ results in
an enhancement of ~ 0.75 for both Cy3 and Cy5 (Fig. 4A). The Cy5 fluorescence enhancement
shows a slight sigmoidal shape, possibly due to some RecBCD binding to the biotinylated DNA
end.

of

oligodeoxynucleotide BCD41 (Table 1), such that two biotin-neutravidin complexes blocked
binding to the unlabeled end (data not shown). For single molecule experiments this would not
be an issue because the coverslip surface should prevent any binding to the biotinylated end of
the DNA.
The addition of MgCl2 to RecBCD-blunt ended DNA complexes results in a significant
further enhancement of both Cy3 and Cy5 fluorescence (Fig. 4A). A full emission scan from
550-750nm taken of DNA only, and DNA bound by RecBCD in the absence and presence of
Mg2+ was consistent with the fluorescence signals observed from the titrations (Fig. 5A). The
absolute Cy5 fluorescence emission intensity was greater for blunt ended DNA compared to the
DNAs with pre-melted ends.

-dT6

-dT6 ends (II) (BCD42.45)

in the absence of Mg2+ results in Cy3 and Cy5 enhancements of ~ 0.5 and 0.25, respectively, and
the addition of MgCl2 does not result in a significant change in Cy3 and Cy5 enhancement (Fig.
4B)

-dT6

-dT10 ended DNA (III) (BCD43.45) in the absence of Mg2+

results in Cy3 and Cy5 enhancements of ~ 0.5 and the addition of MgCl2 results in a slight
increase in Cy3 enhancement, but no significant change in Cy5 enhancement (Fig. 4C). Emission
scans for DNA substrates (II) and (III) showed similar fluorescence intensities and were
consistent with signals observed in the titrations (Fig. 5B and C). The relative differences in
fluorescence intensities and enhancements for DNAs with each end type were reproducible, but
difficult to interpret in terms of whether we were observing DNA melting using this method.
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We next examined RecB

CD binding to DNA substrates I-III in buffer M30 at 25°C

followed by titration of MgCl2 to the RecB

CD-DNA complex. The excitation wavelength

was 515 nm and emission was monitored at 572 nm and 668 nm. RecB

CD binding to blunt

ended DNA (I) (BCD41.44) shows an enhancement of ~1.5 and 1 for Cy3 and Cy5, respectively,
and the addition of MgCl2 to the RecB

CD-DNA complex results in an increase in Cy3

fluorescence enhancement and a decrease in Cy5 enhancement (Fig. 6A). The increase in Cy3
and decrease in Cy5 suggests that we are observing DNA melting, with the expected decrease in
FRET. However, emission scans of the Cy3 and Cy5 fluorescences show that the addition of
MgCl2 does not result in a decrease in Cy5 fluorescence, but rather the peak emission
wavelength shifts to ~700 nm (Fig. 7A). These data suggest that we are observing complex
photophysical interactions of the fluorophores rather than a genuine decrease in FRET due to
DNA melting. RecB
fully pre-

-dT6

CD binding to partially pre-

-dT6

-dT6 (II) (BCD42.45) and

-dT10 (II) (BCD43.45) DNA ends in the absence of Mg2+ shows similar

fluorescence enhancement as RecBCD (Fig. 6B and C). The addition of MgCl2 to RecB

CD-

DNA complexes does result in slight Cy3 and Cy5 enhancements, unlike for RecBCD. Emission
scans are consistent with fluorescence enhancement (Fig. 7B and C).
In both single molecule and ensemble experiments, the resulting Cy3 PIFE and Cy3/Cy5
FRET are difficult to separate and interpret. DNA melting may not result in a large enough
separation of the fluorophores to result in a FRET decrease with this donor and acceptor pair. In
the absence of an ability to systematically correct for the Cy3 PIFE, this fluorophore pair is not
likely to be useful to examine the melting of DNA by RecBCD.
Cy3B and Cy5 labeled DNA
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Cy3B is a rigidified Cy3 analog that cannot undergo the cis-trans isomerization (Supp.
Fig. 1), and thus is expected to not yield a PIFE effect46,49. We examined fluorescence
enhancement of DNA substrates labeled with Cy3B and Cy5 (VII-IX) (Fig. 8A), as well as only
Cy3B (X-XII) (Fig. 9A) or Cy5 (XIII-XV) (Fig. 10A) upon binding of RecBCD in buffer M30
plus 10mM MgCl2 at 25 C. Our expectation was that because Cy3B does not undergo PIFE, we
would observe a true FRET change if Cy3B and Cy5 move further apart upon DNA melting.
However, for all DNAs labeled with Cy3B and Cy5, we observe a fluorescence enhancement at
both 572 and 668 nm (Fig. 8) for Cy3B and Cy5 fluorescence, respectively. For blunt ended
DNA labeled with Cy3B/Cy5 (VII), we observe an enhancement of ~2.5 (Fig. 8B). This is a
-dT6
dT6

-dT6

-

-dT10 (IX) for which we observe enhancement of ~0.3-0.5 for both Cy3B and Cy5 (Fig. 8C

and D). We did not expect to observe fluorescence enhancements upon binding of RecBCD to
these DNAs. As controls, we also examined enhancement for binding of RecBCD to DNAs
labeled with only Cy3B (Fig. 9A) or only Cy5 (Fig. 10A). RecBCD binding to a Cy3B labeled
blunt ended DNA substrate (X) results in fluorescence quenching of ~ 0.25 (Fig. 9B). RecBCD
binding a Cy3B labeled

-dT6

-dT6 (XI) and dT6

-dT10 (XII) also results in a slight

quenching of Cy3B fluorescence of ~ -0.1-0.2 (Fig. 9C and D). The Cy5 fluorescence
enhancement from RecBCD binding to blunt ended DNA substrate (XIII) does not significantly
change upon binding of RecBCD (Fig. 10B). RecBCD binding to
(XIV) and dT6

-dT6

-dT6

-dT10 (XV) ends shows slight fluorescence quenching of ~0.1 (Fig. 10C and D).

Individually, neither Cy3B nor Cy5 show fluorescence enhancement upon binding of
RecBCD, suggesting that the enhancement observed for Cy3B/Cy5 labeled DNA substrates may
be a result of an interaction between the Cy3B and Cy5 fluorophores. To test this, we measured
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fluorescence enhancement of DNA (VII) upon titration with guanidine HCl in the absence of
RecBCD in buffer M30 plus 10mM MgCl2 at 25 C (Fig. 11). We expect low concentrations of
guanidine HCl to disrupt only weak interactions like those potentially between the fluorophores
and not the DNA duplex. We observe fluorescence enhancement of ~0.2-0.3 in the presence of
guanidine HCl, suggesting that there is an interaction between Cy3B and Cy5. However, we
observe much larger fluorescence enhancement upon binding of RecBCD to Cy3B and Cy5
labeled DNA (Fig. 8). Further studies are needed to fully understand this. Cy3B did not result in
a very clean and simple fluorescence signal as expected. Thus, using Cy3B may not be the best
fluorophore to use with Cy5 to measure DNA melting by RecBCD.
Cy5 and BHQ2 labeled DNA
As demonstrated in the previous section, Cy5 does not show PIFE and shows only very
slight changes in fluorescence quenching upon binding by RecBCD (Fig. 10). Thus, we next
considered using Cy5 as the donor fluorophore and a black hole quencher (BHQ2) (Supp. Fig. 1)
as the acceptor. The BHQ2 is non-fluorescent but will act as an acceptor in a FRET experiment
with Cy5 as the donor50. Our expectation was that an increase in Cy5 fluorescence would be
observed only in the event that Cy5 and BHQ2 become further apart via DNA melting. We
examined RecBD1080ACD binding to blunt ended DNA labeled with Cy5 and BHQ2 on each end
(XVI) (Fig. 12A) in the presence and absence of 10 mM MgCl2 in buffer M50 at 25 C followed
by titration with MgCl2 to RecBD1080ACD-DNA complexes (Fig. 12B). The use of RecBD1080ACD
was not for a particular reason and should not really affect interpretation of our results, as
RecBD1080ACD shows the same binding properties as RecBCD35. The excitation wavelength is
635 nm and emission is measured at 668 nm. In the presence of 10 mM MgCl2, we observe an
~2-fold higher fluorescence upon binding of RecBD1080ACD compared to binding in the absence
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of MgCl2 (Fig. 12B). The addition of MgCl2 to the RecBD1080ACD-DNA complex formed in the
absence of MgCl2 shows a further increase in Cy5 fluorescence to approximately the same value
as is observed for binding in the presence of MgCl2, suggesting that both samples reach the same
equilibrium state in the presence of Mg2+. The increase in Cy5 fluorescence was the expected
signal change if DNA melting occurred, but confirmation of this interpretation needs to be made
with a technique such as DNA footprinting. The Cy5/BHQ2 pair is a promising labeling scheme.
Future experiments to try would include labeling within the duplex rather than at the ends and
comparisons with DNA substrates with

-dT6/5-dT6

-dT6

-dT10 ends. There are reports

that Cy5 may not be ideal for single molecule experiments due to blinking51, but replacement
with a similar fluorophore may allow this type of labeling scheme to be used to examine DNA
melting by RecBCD.

Discussion
Our goal in this study was to determine whether and how blunt, partially pre-melted or
fully pre-melted DNA ends affect DNA melting by RecBCD. Additionally, we wanted to
examine how removal of the nuclease domain affected DNA melting. Initially, we performed
single molecule total internal reflection fluorescence (smTIRF) experiments with DNA
substrates labeled with Cy3 donor and Cy5 acceptor dyes. We expected to observe anticorrelated
changes in Cy3 and Cy5 signals that indicated base pair separation or DNA melting. This FRET
change could then be used to examine the kinetics and dynamics of melting kinetics from the
fluctuations in the FRET over time. However, the observed Cy3 and Cy5 signals in the single
molecule experiments proved to be more complex, as distinguishing PIFE and FRET signals
requires careful calibration and correction47. In addition, possible fluorophore-fluorophore
interactions and fluorophore-DNA interactions are also a potential complication52
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54.

Our

preliminary smTIRF data suggest that we can observe DNA melting by RecBCD from blunt and
fully pre-

-dT6

-dT10 DNA ends, consistent with previous results26,27. However, due to

the mentioned complications, further experiments are needed to confirm these results.
In an attempt to better understand the observed fluorescence signals from smTIRF
experiments, we turned to ensemble binding experiments. For the DNA substrates used in the
smTIRF experiments, labeled with Cy3 and Cy5 (I-III), we observed fluorescence enhancement
upon enzyme binding of both the Cy3 and Cy5 signals. The Cy3 PIFE was not completely
transferred to the Cy5, as we observe increased Cy3 and Cy5 fluorescence, illustrating the
difficulty in interpreting simultaneous PIFE and FRET signals.
We also examined the fluorescence signals due to RecBCD (or variants) binding to DNA
labeled with Cy3 only, Cy5 only, Cy3B only, Cy3B and Cy5, and Cy5 with black hole quencher
2 (BHQ2) in order to find a DNA labeling scheme that would permit examination of DNA
melting. DNA substrates labeled with only Cy3 (IV-VI) show fluorescence enhancement upon
enzyme binding, as expected due to PIFE. However, upon the addition of Mg2+, we observe
slight in fluorescence enhancement for RecBCD-DNA complexes, and no changes in
fluorescence enhancement for RecB

CD-DNA complexes. Cy3 PIFE alone does not seem to

have an appropriate range to examine DNA melting but could perhaps provide a correction factor
for Cy3 fluorescence in the context of Cy3 and Cy5 in order to better distinguish between PIFE
and FRET changes. This use may be limited to ensemble experiments since corrections cannot
be made for the fluorescence signals of a single molecule over time.
We also used the Cy3 analog, Cy3B, in an attempt to avoid PIFE. However, we observed
changes in fluorescence upon RecBCD binding to Cy3B labeled DNA, defeating the purpose of
using the Cy3B fluorophore.
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The Cy5 and BHQ2 fluorophore pair significant increase in fluorescence upon binding.
We expect that an increase in Cy5 signal indicates DNA melting, as Cy5 alone does not show
significant changes in enhancement, such that a change in fluorescence would have to come from
melting. This should be confirmed with additional techniques; however, the absence of Cy5
PIFE potentially makes the interpretation of signal changes easier with this labeling scheme.
This type of assay can be improved with baseline corrections and calibrations and careful
DNA labeling schemes. In addition, analyzing the close-range53,55 fluorescence effects may be a
useful tool in measuring DNA melting by RecBCD and RecB
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CD.

Table 1. DNA oligonucleotide sequences of binding substrates
Name

DNA Sequence

BCD41

Cy3

BCD42
BCD43

Cy3
5' TTT TTT TTT T CCA Cy3

BCD44

biotin CTG GAG CAT AGG CTA CTG CAG CTA GCT CAG GAG CCA Cy5

BCD45

biotin CTG GAG CAT AGG CTA CTG CAG CTA GCT CAG GAG CCA Cy5

BCD6

biotin

BCD7

biotin

BCD1idt

M

BCD2idt
BCD3idt

N CCA TGG CTC CTG AGC T

BCD4idt

biotin CTG GAG CAT AGG CTA CTG CAG CTA GCT CAG GAG CCA TGG P

BCD5idt

biotin CTG GAG CAT AGG CTA CTG CAG CTA GCT CAG GAG CCA TGG NTT

B5.1

Cy5 GCT CCT GAG CTA GCT CCA GTA GCC TAT GGT CCA GTG GCA CTG CAC TGA ATC GAG TCC TCG BHQ2

B5.2

5' Cy5 CGA GGA CTC GAT TCA GTG CAG TGC CAC TGG ACC ATA GGC TAC TGG AGC TAG CTC AGG AGC BHQ2 3'

M
N internal C6 dT amino modifier
P
BHQ2 Black hole quencher-2
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Cy3 photobleach

Cy5 photobleach

FRET changes
Cy3 photobleach
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Figure 1. smTIRF experiments of RecBCD binding to blunt ended Cy3/Cy5 labeled DNA in the
presence and absence of Mg2+. Photobleaching events and changes in FRET are indicated with
arrows. A. DNA substrates with blunt ends (I) (BCD41.44), partially pre-dT6 -dT6
ends (II) (BCD42.45), and fully pre-dT6 -dT10 ends (III) (BCD43.45) are labeled
with Cy3 and Cy5 fluorophores in the DNA backbone and used in the example time courses
shown in (C.)-(E.). B. Cy3 and Cy5 labeled DNA is attached to a pegylated coverslip via biotinneutravidin linkage for imaging. C. Representative time trace of Cy3 (green) and Cy5 (red)
intensities as well as FRET for DNA substrate (I) (no Mg2+). DNA only time traces show
persistent high FRET until fluorophore photobleaching. D. Representative time trace of Cy3 and
Cy5 intensities and FRET for DNA substrate (I) bound by RecBCD (no Mg2+). RecBCD-DNA
time traces show mostly persistent high FRET until a photobleaching event. E. Representative
time trace of Cy3 and Cy5 intensities and FRET for DNA substrate (I) bound by RecBCD in
imaging buffer plus 10 mM MgCl2. In the presence of Mg2+, RecBCD-DNA time traces still
show mostly primarily high FRET, but also show some fluctuations until a photobleaching event.
Measurements were done in imaging buffer: buffer M30 ± 10 mM MgCl2, 0.1 mg/mL BSA, 0.5%
(w/v) dextrose, 3 mM Trolox, 1 mg/mL glucose oxidase, and 0.4 mg/mL catalase, 25°C.
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Figure 2. FRET histograms of ~100 molecules of Cy3/Cy5 labeled DNAs ± enzyme in imaging
buffer ± 10 mM MgCl2 at 25 C. Histograms of DNA alone (solid line), DNA bound to RecBCD
in the absence of Mg2+ (dashed line), and DNA bound to RecBCD in the presence of 10 mM
MgCl2 (dotted line) is shown for DNAs with blunt, partially pre-melted or fully pre-melted DNA
ends. A. Blunt ended DNA (I) (BCD41.44) (black) shows high FRET with a peak near 0.9.
Addition of RecBCD shifts the peak to a value of ~0.7. Addition of 10 mM MgCl2 does not
significantly shift the peak FRET value, although a slightly lower FRET shoulder peak appears.
B. The partially pre-dT6 -dT6 (II) (BCD42.45) (red) DNA shows high FRET with
the peak near 0.9. Addition of RecBCD and 10 mM MgCl2 does not result in significant changes
in FRET. C. The fully pre-dT6
10 ends (III) (BCD43.45) (blue) also shows
persistent high FRET of ~0.9. Addition of RecBCD shifts the peak slightly to FRET efficiency
of ~0.8. The presence of 10 mM MgCl2 further shifts the peak to lower FRET of ~0.7 and, as
was the case for blunt ended DNA, a lower FRET shoulder is observed.
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Figure 3. Cy3 enhancement (PIFE) of RecBCD and RecB CD binding to DNA substrates IVVI in buffer M30 at 25°C, followed by titration of MgCl2 to the saturated enzyme-DNA complex.
The excitation wavelength was 515 nm and emission was monitored at 572 nm. A. DNA
substrates labeled with Cy3 (green circle) to examine enzyme binding. Cy3 fluorescence is
enhanced as a result of enzyme binding due to PIFE. One end of each DNA is biotinylated (blue
square) so that neutravidin can bind and block binding at that end. The other end of each DNA
-dT6 -dT6
-dT6 dT10 (VI). B. Cy3 enhancement is observed upon RecBCD binding to each DNA end: blunt
ended (IV) (BCD41.6) (
-dT6 -dT6 (V) (BCD42.7) (
-dT6 -dT10 (VI) (BCD43.7)
( ). Binding to blunt ended DNA results in nearly twice as much Cy3 enhancement as for
binding
-dT6 -dT6 and -dT6 -dT10 ends. Addition of MgCl2 to the RecBCD-blunt
ended DNA complex results in a slight further Cy3 enhancement, while a slight decrease in Cy3
-dT6 -dT6
-dT6 -dT10 ends. C.
Cy3 enhancement is observed upon RecB CD binding to each DNA end: blunt ended (IV)
(BCD41.6) (
-dT6 -dT6 (V) (BCD42.7) (
-dT6 -dT10 (VI) (BCD43.7) ( ).
Binding of RecB CD results in approximately the same amount of Cy3 enhancement as
RecBCD. Addition of MgCl2 to the RecB CD-DNA complexes of any end type shows little to
no change in Cy3 enhancement.
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Figure 4. Cy3 and Cy5 enhancement of RecBCD binding to DNA substrates I-III in buffer M30
at 25°C, followed by titration of MgCl2 to the saturated RecBCD-DNA complex. The excitation
wavelength was 515 nm and emission was monitored at 572 (closed squares) and 668 nm (open
squares) for Cy3 and Cy5, respectively. A. RecBCD binding to blunt ended DNA (I)
(BCD41.44) in the absence of Mg2+ and monitoring Cy3 ( ) and Cy5 ( ) results in fluorescence
enhancement of ~ 0.75. The Cy5 fluorescence enhancement shows a slight sigmoidal shape,
possibly due to RecBCD binding at the biotinylated DNA end. The addition of MgCl2 results in a
significant increase in Cy3 and Cy5 enhancement. B.
-dT6 dT6 ends (II) (BCD42.45) in the absence of Mg2+ and monitoring Cy3 ( ) and Cy5 ( ) emission
results in Cy3 and Cy5 enhancement of ~ 0.5 and 0.25, respectively. The addition of MgCl2 does
not significantly change Cy3 and Cy5 enhancement. C.
2+
dT6 -dT10 (III) (BCD43.45) in the absence of Mg monitoring Cy3 ( )and Cy5 ( ) emission
results in Cy3 and Cy5 enhancement of ~ 0.5. The addition of MgCl2 results in slight increase in
Cy3 enhancement, but no significant change in Cy5 enhancement.
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Figure 5. Emission scans for RecBCD binding to Cy3/Cy5 labeled DNA. Fluorescence is
measured for DNA only (solid line), RecBCD bound to DNA in the absence of Mg 2+ (dashed
line) and in the presence of Mg2+ (dotted line). The excitation wavelength is 515 nm and
emission is measured at 550-750 nm. Cy3 peak emission is at ~572 nm and Cy5 peak emission is
~668 nm. A. Upon RecBCD binding to Cy3/Cy5 labeled blunt ended DNA (I) (BCD41.44), we
observe significant increase in fluorescence of both Cy3 and Cy5 and a smaller further increase
upon addition of MgCl2. B. RecBCD
-dT6 -dT6 DNA (II)
(BCD42.45) resulted in a significant increase in both Cy3 and Cy5 fluorescence. Cy3
fluorescence increases more relative to Cy5 fluorescence. No change in fluorescence is observed
upon addition of MgCl2. C.
-dT6 -dT10 DNA (III)
(BCD43.45). We observe significant increase of both Cy3 and Cy5 fluorescence upon RecBCD
binding and only very slight further increase in fluorescence upon addition of MgCl2.
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Figure 6. Cy3 and Cy5 enhancement of RecB CD binding to DNA substrates I-III in buffer
M30 at 25°C, followed by titration of MgCl2 to the saturated RecB CD-DNA complex. The
excitation wavelength was 515 nm and emission was monitored at 572 (closed circles) and 668
nm (open circles). A. RecB CD binding to blunt ended DNA (I) (BCD41.44) monitoring Cy3
( ) and Cy5 ( ) emission results in enhancement of ~1.5 and 1 for Cy3 and Cy5, respectively.
Upon addition of MgCl2, we observe an increase in Cy3 fluorescence enhancement and a
decrease in Cy5 enhancement. B. RecB CD
-dT6 -dT6 (II) (BCD42.45) ended
DNA monitoring Cy3 ( ) and Cy5 ( ) emission results in enhancement of ~ 0.5 and
~ 0.25, respectively. The addition of MgCl2 does not significantly change the fluorescence
enhancement. C. RecB CD
-dT6 -dT10 (III) (BCD43.45) ended DNA
monitoring Cy3 ( ) and Cy5 ( ) emission results in fluorescence enhancement of ~0.6. No
significant change is observed upon the addition of MgCl2.
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Figure 7. Emission scans for RecB CD binding to Cy3/Cy5 labeled DNA. Fluorescence for
DNA only (solid line), RecB CD bound to DNA in the absence of Mg2+ (dashed line) and in
the presence of Mg2+ (dotted line) is measured using the excitation wavelength of 515 nm and
monitoring emission 550-750 nm. Cy3 peak emission is at ~572 nm and Cy5 peak emission is
~668 nm. A. For RecB CD binding to Cy3/Cy5 labeled blunt ended DNA (I) (BCD41.44), we
observe significant increase of both Cy3 and Cy5 fluorescence in the absence of Mg 2+. Upon
addition of MgCl2, Cy3 fluorescence increases significantly and Cy5 fluorescence does not
increase, but the peak emission wavelength shifts to ~700 nm. B. RecB CD binding to
-dT6 -dT6 DNA (II) (BCD42.45) results in a significant increase in both
Cy3 and Cy5 fluorescence. Little to no increase in fluorescence is observed upon addition of
MgCl2. C. For RecB
-dT6 -dT10 ended DNA (III)
(BCD43.45) we observe significant increase of both Cy3 and Cy5 fluorescence. The
fluorescence of Cy3 and Cy5 increases very slightly upon addition of MgCl2.
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Figure 8. RecBCD binding to DNA substrates VII-IX, labeled with Cy3B and Cy5, in buffer
M30 plus 10 mM MgCl2 at 25°C. The excitation wavelength is 515 nm, and the emission is
monitored at 572 nm and 668 nm for Cy3B (closed triangles) and Cy5 (open triangles),
respectively. A. DNA substrates are labeled with Cy3B and Cy5 and have blunt ends (VII)
(BCD1idt.4idt), partially pre-dT6 -dT6 (VIII) (BCD2idt.5idt), or fully pre-dT6 -dT10 (IX) (BCD3idt.5idt) B. RecBCD binding to DNA substrate (VII)
results in Cy3B and Cy5 fluorescence enhancement of ~ 2.5. The slight sigmoidal shape of
enhancement may suggest RecBCD binds to the biotin-neutravidin end. C. RecBCD binding to
DNA substrate (VIII) results in Cy3B and Cy5 fluorescence enhancement of ~ 0.5. D. RecBCD
binding to DNA substrate (IX) results in Cy3B and Cy5 enhancement of ~ 0.3 and ~ 0.5,
respectively.
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Figure 9. RecBCD binding to DNA substrates X-XII, labeled with only Cy3B, in buffer M30 plus
10 mM MgCl2 at 25°C. The excitation wavelength is 515 nm, and the emission is monitored at
572 nm. A.
-dT6 -dT6
dT6 -dT10 (XII) (BCD3idt.5idt*) binding sites are labeled with Cy3B only. B. RecBCD binding
to DNA substrate (X) results in fluorescence quenching of ~0.25. Discontinuity around 0.2
[RecBCD]tot/[DNA]tot is an experimental artifact and would likely be resolved with experimental
replicates. C. RecBCD binding to DNA substrate (XI) and (D.) (XII) also results in slight
quenching of ~0.1-0.2 of Cy3B fluorescence.
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Figure 10. RecBCD binding to DNA substrates XIII-XV, labeled with only Cy5, in buffer M30
plus 10 mM MgCl2 at 25°C. The excitation wavelength is 635 nm and the emission is monitored
at 668 nm. Discontinuity around 0.2 [RecBCD]tot/[DNA]tot is an experimental artifact and would
likely be resolved replicates. A.
-dT6 -dT6 (XIV)
(
-dT6 -dT10 (XV) (BCD3idt*.5idt) binding sites are labeled with Cy5
only. B. RecBCD binding to DNA substrate (XIII) results in no significant change in Cy5
fluorescence. Discontinuity around 0.2 [RecBCD]tot/[DNA]tot is an experimental artifact and
would likely be resolved replicates. C. RecBCD binding to DNA substrate (XIV) and (D.) (XV)
results in slight quenching of ~0.1 of Cy5 fluorescence.

208

Figure 11. Enhancement of Cy3B/Cy5 labeled blunt ended DNA (VII) (BCD1idt.4idt) upon
titration of guanidine HCl in buffer M30 plus 10mM MgCl2 at 25 C. Excitation wavelength was
515 nm and emission was monitored at 572 (closed triangles) and 668 nm (open triangles).
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Figure 12. RecBD1080ACD binding blunt ended DNA (XVI), labeled with Cy5 and BHQ2 on
each end in the presence (black) and absence (blue) of MgCl2 in buffer M50 at 25 C, followed by
titration with MgCl2 to RecBD1080ACD-DNA complexes. The excitation wavelength is 635 nm
and emission is measured at 668 nm. A. Blunt ended DNA labeled with Cy5 and BHQ2 (XVI)
(B5.1.2) on each end. B. (left) The fluorescence of RecBD1080ACD binding to DNA substrate
(XVI) in the presence (black) and absence (blue) of 10 mM MgCl2. (right) Binding in the
presence of MgCl2 results in ~2-fold greater fluorescence than in the absence of MgCl2. Titration
of MgCl2 increases fluorescence to approximately the same value as is observed for binding in
the presence of MgCl2.
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Supplemental Figure 1. Fluorophores and black hole quencher-2 used to label DNA
oligonucleotides.
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Goal of Research
The goal of this thesis was to examine the role of the nuclease domain in single stranded
(ss)DNA translocation and double stranded (ds)DNA unwinding by the E. coli helicase/nuclease
RecBCD. Helicases are essential enzymes in all organisms and play important roles in DNA
metabolism including in transcription, replication, repair and recombination1 4. RecBCD is
involved in the major homologous recombination pathway of double strand DNA break repair in
E. coli, as well as in the degradation of foreign DNA5. RecBCD contains two superfamily 1
ATPase motors, one in each of the RecB and RecD subunits5,6. RecBCD can unwind at rates of
over 1000 bp/s, degrading DNA concurrently, so its activity must be tightly regulated7. One such
mode of regulation is by an eight nucleotide sequence found across the E. coli genome called the
crossover instigator (chi or ) site8,9. Recognition of this site during DNA unwinding results in
significant changes in RecBCD activity, including a switch to degrading only
strand, a ~2-fold decrease in the rate of unwinding and loading of RecA protein
strand10

12.

These activity changes are likely due to a conformational change that is yet

uncharacterized.
Surprisingly, previous work from the lab suggested that the nuclease domain in RecB
affects RecBCD activities beyond its canonical role in DNA degradation. Deletion of the
nuclease domain increases the affinity to DNA ends13, affects DNA unwinding14 and according
to recent cryo-EM structures melts fewer DNA base pairs in an ATP-independent manner13. We
set out to examine whether the nuclease domain affects ssDNA translocation, dsDNA unwinding
and ATP-independent, Mg2+-dependent DNA melting, and how such effects fit into proposed
models of helicase-catalyzed DNA unwinding.
Hypothesis
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Processive DNA unwinding requires both base pair separation

of DNA

strands and translocation along the DNA. Much work has been done to understand the
relationship between these activities. Specific to RecBCD, we previously suggested that ATPdependent base pair melting and translocation can be uncoupled during the unwinding process15.
This uncoupling was also directly shown using DNA substrates which contain reverse polarity
switches in the DNA backbone14. Even though ssDNA translocation of the two canonical motors
of RecBCD was effectively inhibited, ATP-dependent base pairing melting and strand separation
still occurred, suggesting that translocation and strand separation can be separate processes.
Interestingly, this strand separation required the presence of the RecB nuclease domain,
suggesting that the nuclease domain has a yet an unexplained role in the unwinding of dsDNA.
This potential role in unwinding is surprising, given that in all available structures where
the nuclease domain has been visualized, it is docked far away from the duplex DNA binding
site2,6,16. However, it has been proposed that the nuclease domain is dynamic and is able to leave
this docked position. The nuclease domain is attached to the RecB motor domain via a ~60
amino acid linker that is likely flexible and reduction in the length of this linker results in a
significant decrease in -dependent activity17. Additionally, the proposed interaction interface
between RecA and the nuclease domain interface is occluded in its docked position, further
supporting the hypothesis that the nuclease domain must undock in order to interact with RecA
protein18.
Recent cryo-EM structures suggest that deletion of the nuclease domain affects ATPindependent base pair melting of a blunt DNA duplex end13. RecBCD-DNA cryo-EM structures
fall into two main classes. In the first, ~ 11 bp are melted and all subunits show strong density. In
the second class, only ~ 4 bp are melted and there is low density for RecD and the nuclease
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domain, despite thorough analysis demonstrating that all subunits are present in the RecBCD
protein population19. The RecB

CD-DNA cryo-EM structure is similar to the second class of

RecBCD-DNA structures that show only ~ 3-4 bp melted and low density for RecD.
RecB

CD binds with higher affinity to DNA ends than RecBCD, indicating that a lack of

binding is not responsible for this result13. These data suggest that deletion of the nuclease
domain reduces ATP-independent DNA melting by RecBCD and that the nuclease domain and
RecD interact13.
Combined, the coordinated changes in unwinding and nuclease activity postrecognition by RecBCD as well as structural studies lead us to hypothesize that the nuclease
domain influences the rate of unwinding.
Research Methodology
The experiments in this thesis were aimed at examining how the deletion of the nuclease
domain affects RecBCD activities, including ssDNA translocation, dsDNA unwinding and ATPindependent DNA melting. We examined each of these activities for RecBCD, RecB

CD,

lacking the entire nuclease domain, and RecBD1080ACD, containing a point mutation in the
nuclease active site. To measure the rates of ssDNA translocation and dsDNA unwinding, we
performed single-turnover, all-or-none stopped flow fluorescence experiments as a function of
DNA length. For ssDNA translocation, we
directions from a unique binding site20

22

to

to

. We demonstrated that using the length dependence of

the lag phase, in a method termed

, we could accurately determine the

observed rate of ssDNA translocation, but not that of dsDNA unwinding. Unwinding time
courses were therefore analyzed using global fitting of the time courses to n-step kinetic models,
which yielded the observed rate of unwinding, as well as additional kinetic parameters that
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describe the unwinding initiation steps23

25.

This n-step model analysis was also applied to DNA

unwinding experiments that employed different DNA constructs with varying extents of premelted ssDNA overhangs as pre-bound loading sites for RecBCD and RecB

CD, which

allowed us to characterize the rates of unwinding initiation in more detail.
We collected preliminary data using single molecule (sm) total internal reflection
fluorescence (TIRF) experiments to examine the kinetics of ATP-independent DNA melting by
RecBCD. The fluorescence signals that resulted from these experiments were difficult to analyze
and interpret. We used ensemble fluorescence binding experiments to examine fluorescence
signals from various DNA-fluorophore labeling schemes to find a labeling scheme that could be
used to measure ATP-independent melting by RecBCD and RecB

CD.

Results Discussion
Prior to performing the biophysical assays to characterize the enzymatic activities of
RecBCD, we optimized the purification of RecBCD and RecB

CD. Additional precipitations

and optimized chromatography purification steps resulted in a 10-fold increase in the yield of
purified RecBCD in the active heterotrimer form. These optimizations greatly facilitated the
ensemble, kinetic and binding experiments.
From the ensemble dsDNA unwinding experiments, we found that from both a blunt and
pre-melted DNA end, RecB

CD unwinds dsDNA significantly slower than RecBCD. The rate

of dsDNA unwinding is 25-45% slower depending on the condition of measurement, but at all
conditions examined, the deletion of the nuclease domain resulted in slower unwinding.
Surprisingly, deletion of the nuclease domain did not affect the rate of ssDNA translocation in
either direction, suggesting that the effect of the nuclease domain is specific to the unwinding
mechanism. These data

However, the
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results support an unwinding model in which dsDNA unwinding occurs by a mechanism with
iterations of ATP-independent DNA melting followed by ATP-dependent translocation along the
newly created single stranded DNA tracks15. Because RecB

CD translocates along ssDNA at

the same rate as RecBCD, we suggest that the absence of the nuclease domain results in slower
unwinding by RecB

CD due to a slower DNA melting step or one that results in less base pair

melting.
Initial experiments showed significantly different rates of initiation of unwinding for
RecB

CD, so we measured dsDNA unwinding from end types with varying amounts of single

stranded dTn binding sites. RecBCD can initiate efficiently from any type of DNA end with
similar kinetics, whereas RecB

CD initiation is sensitive to DNA end type, Additionally,

deletion of the nuclease domain significantly reduces the fraction of RecB

CD-DNA

complexes that are initially productive for DNA unwinding. Initiation by RecB
particularly

CD is

ubunit. These data

support reduced initial melting and then slower RecD engagement in the absence of the nuclease
domain and is consistent with structures showing less melting and lower RecD density in the
absence of the nuclease domain.
Initial attempts to directly examine DNA melting by RecBCD and RecB

CD using

smTIRF proved difficult to interpret largely due to the presence of Cy3 PIFE. Direct
measurements of DNA melting remain a topic of interest and are discussed below.
Future Directions
A number of questions remain regarding the role of the nuclease domain in RecBCD
activities and for the mechanism of DNA unwinding by helicases in general. The data presented
in this thesis suggest that the nuclease domain may play a role in ATP-independent melting by

222

RecBCD, either directly or via allosteric interactions with the other subunits. In Chapter 5, I
presented preliminary smTIRF experiments aimed at directly measuring the extent and kinetics
of DNA melting by RecBCD and RecB

CD, but complex fluorescence signals prevented

unambiguous analysis of this data. Based on ensemble binding experiments, DNA substrates
with internal Cy5/BHQ2 labels, or some equivalent fluorophore pair, may enable less
complicated signals that can be related to DNA melting using smTIRF experiments.
Additionally, traditional KMnO4 footprinting experiments could be used as a more direct
measure of DNA melting in the absence of the nuclease domain26.
Although we hypothesize that the deletion of the nuclease domain slows dsDNA
unwinding by RecB

CD compared with RecBCD due to a decreased extent or rate of DNA

melting, the mechanism by which the nuclease domain affects dsDNA melting is unclear.
Several lines of evidence suggest that the nuclease domain becomes undocked from the position
seen in DNA bound RecBCD structures6,16

19,27,

however no alternative docking site has been

identified as of yet. As such, tracking the relative position of the nuclease domain is of great
interest and the lab is currently working to add a tag to the nuclease domain in order to label with
a fluorophore. With a labeled nuclease domain, one could then perform FRET experiments,
where DNA is labeled with the other FRET partner. By moving the dye systematically along the
DNA, one could track FRET changes as a function of time to provide insight into the movement
and position of the nuclease domain.
Additionally, evidence suggests that there is significant interaction between the nuclease
domain and RecD16,19,28. However, it is also possible that the nuclease domain can interact with
both motors. Examining the effects of deletion of the nuclease domain on ssDNA translocation
and dsDNA unwinding of RecBC, a processive helicase lacking the RecD subunit29

223

31,

RecBK29QCD, carrying a point mutation eliminating ATPase activity of the RecB motor32, and
RecBCDK177Q, carrying a point mutation eliminating ATPase activity of the RecD motor33, might
provide more insight as to the interaction between the RecB nuclease domain and the RecB
motor versus the RecD motor.
It would also be of interest to determine how deletion of the nuclease domain affects
RecBCD activity in vivo. The ability of several RecBCD variants to respond to the -site and
interact with RecA has been assessed. RecBC does not pause at the -site and therefore does not
change the rate of unwinding post- , and also constitutively loads RecA34. Additionally, RecBC
shows little to no nuclease activity35. The activity in vivo of RecBD1080ACD is similar to RecBC
but does not load RecA onto ssDNA5. These results suggest that RecB

CD may still unwind

from a double strand DNA break but would likely not be active in loading of RecA due to the
absence of the nuclease domain interaction surface.
RecBCD is a unique helicase in that it is a protein complex with two superfamily 1 (SF1) motor domains with a nuclease domain. AddAB and AdnAB are also SF-1 helicase/nuclease
complexes that share similarities with RecBCD36

39.

Like RecBCD, AddAB and AdnAB

catalyze DNA end processing reactions in homologous recombination repair of dsDNA breaks
and are regulated by Chi sequences36,40,41. Interestingly, AddAB possesses one active DNA
motor but two active nucleases, whereas AdnAB has two active DNA motors and two active
nuclease domains39,42,43. Performing translocation and unwinding experiments would provide
insight into the coordination of motor and nuclease domains and whether regulation of
unwinding activity by the nuclease domain is unique to RecBCD or whether it is more universal.
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Appendix A
Using length-dependence of the lag phase to determine the
macroscopic rate of ssDNA translocation and dsDNA unwinding
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Previous work has used the length-dependence of the lag phase as a semi-quantitative
method for determining the macroscopic rate of single stranded (ss)DNA translocation from a
unique site on the nucleic acid by E. coli RecBCD and other helicases1 7. The presence of a lag
phase in all-or-none ssDNA translocation or double stranded (ds)DNA unwinding time courses is
a result of a sequential reaction with intermediate steps with rate constants of similar
magnitude8,9. The length-dependence of this lag phase is a result of the number of intermediate
steps associated with various lengths of DNA that are translocated or unwound. Additionally, if
no other steps are rate limiting, the observed rate of unwinding or translocation should be
dependent only on the number of intermediate steps. When this is true, the rate of translocation
can be calculated as the inverse slope of the plot of length of DNA translocated versus the
duration of the lag phase.

A benefit of this analysis is

that minimal assumptions are made regarding the mechanism.
Because dsDNA unwinding and ssDNA translocation occur via the same type of
mechanism of essentially non-irreversible, sequential steps, we assumed that using the lengthdependence of the lag phase for dsDNA unwinding time courses would similarly provide an
accurate determination of the macroscopic rate of unwinding. Here, we confirm that using the
length-dependence of the lag phase results in a reasonable determination of the rate of ssDNA
translocation but suggest that this analysis does not provide an accurate determination of dsDNA
unwinding rate. Using the lag time analysis results in a significant overestimation of the
macroscopic unwinding rate for all unwinding models we tested.
To demonstrate this, we used MENOTR10 to simulate ssDNA translocation or dsDNA
unwinding data using the indicated n-step kinetic models (Schemes 1-5) and parameters (Tables
1 and 2). This simulated data is shown in panel A for Cy3 fluorescence and in panel D for Cy5
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fluorescence where applicable in Figs. 1-5. On this simulated data set, we then used the lag time
analysis to determine the rate of translocation or unwinding based on the length-dependence of
the lag phase (Figs. 1-5, panels B and E when applicable). We also calculated the expected
duration of the lag phase calculated from the simulated parameters for each DNA length L using
Eq. 1, shown in panel C for Cy3 fluorescence signals and F for Cy5 fluorescence signal when
applicable in Figs. 1-5. This expected duration of the lag phase is the amount of time to fully
unwind and translocate or simply unwind the DNA of a particular length, for translocation and
unwinding data, respectively. Lag phase duration is calculated by multiplying the inverse
microscopic rate constant by the number of steps n translocated or unwound plus the kC-1, the
inverse initiation microscopic rate constant multiplied by the number of initiation steps h, where
applicable (Eq. 1). The number of translocation or unwinding steps n from Eq. 1 is determined
using Eq. 2, calculated as the length of DNA L divided by the step size m. The lag phase duration
calculated for each L is shown by the black arrows and connected up to the data for the length it
represents, where the signal amplitude at this intersection is identified by a colored arrow,
colored respective for each L (Figs. 1-5, panels C and F where applicable).
These simulations illustrated that the calculated lag phase duration is longer than the lag
phase observed in the data for both the translocation and unwinding n-step kinetic models that
were tested. We were surprised by this result and do not yet have a good understanding for this
difference. However, at least for translocation, the length-dependence of the observed lag phase
from the Cy3 signal reasonably matches the length-dependence of the calculated lag phase
duration (Table 1).
(1)
(2)
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Rate of ssDNA translocation from length-dependent lag phase
To confirm that using the length-dependent lag time analysis is a reasonable
determination of the rate of ssDNA translocation, we compare the rate of translocation calculated
from simulated parameters to the rate determined from the lag time analysis. We are using the
model of ssDNA translocation by RecBCD on DNA substrates III and IV from Chapter 3,
whereby RecBCD binds the DNA from unique point, unwinds a short duplex (24 bp) and then
translocates along the various lengths of unpaired dT L tails, followed by a dissociation step. The
signal arises from protein-induced fluorescence enhancement (PIFE) of Cy3 when RecBCD
reaches a Cy3 fluorophore at the end of one of the unpaired dTL tails. We simulated translocation
time courses for Lss = 30, 50, 70, and 90 nt using Schemes 1 and 2 (Eq. 3 and 4, respectively).
Scheme 1 was simulated with the following parameters: the length of the duplex DNA (Lds = 24
bp), the microscopic unwinding rate (kU = 400 s-1), the unwinding step size (mU = 3.6 bp step-1),
the microscopic translocation rate (kt = 800 s-1), the translocation step size (mt = 3.6 nt step-1), the
rate of dissociation from the DNA end (kend = 20 s-1), and the amplitude (A= 1). The rate of
translocation should depend only on the length of unpaired dTL that are translocated (Lss). We
estimate the duration of the lag phase for each Lss as the intersection of the lag phase and the
linear increase in Cy3 signal, shown in Figure 1A. The inverse slope of the linear fit of the
estimated lag times as a function of the length of unpaired dTL tails translocated (Lss) gives the
macroscopic translocation rate (Fig. 1B). The macroscopic rate of translocation from the
slope-1 = 3226

simulated parameters is mtkt = 2880 nt/s,

nt/s, such that there is only ~10% difference between the methods to determine the macroscopic
rate of translocation.
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Scheme 2 includes initiation steps that were required to fully describe the unwinding of
dsDNA by RecBCD at the conditions of the experiments presented in Chapter 3 and are
described by the rate constants kNP and kC. Scheme 2 was simulated (Eq. 4) with the same
parameters as Scheme 1 plus the additional rate constants (kNP = 10 s-1 and kC = 200-1) (Fig. 2A).
determined
that the macroscopic rate of translocation from the simulated parameters is mtkt = 2880 nt/s, and
slope-1 = 3190 nt/s, with again ~10% difference in methods of
determining the rate of ssDNA translocation (Fig. 2B). The lag time analysis may slightly
overestimate the macroscopic rate of translocation but seems to be a reasonable estimate for the
models presented here.
We then calculated the expected duration of the lag phase from the simulated parameters
and found that the calculated lag phase duration is longer than the lag phase observed in the Cy3
signal (Figs. 1C and 2C). However, when we determine the macroscopic rate of translocation
from the length-dependence of the calculated lag phase durations, we find good agreement with
the rates from the lag time analysis and with mtkt (Table 1).
Rate of dsDNA unwinding from length-dependent lag phase
As noted, we assumed that using the length-dependence of the lag phase would also
provide a reasonably accurate determination of the macroscopic unwinding rate. To test this
assumption, we simulated dsDNA unwinding data using Schemes 3-5 and estimated the lag time
according to the intersection of the lag phase and the linear increase in fluorescence and
compared this to the macroscopic unwinding rate from the simulated parameters (mUkU). Data is
simulated with DNA substrate I or II (Chapter 3) in mind, with both a Cy3 and Cy5 signal that
can be followed and analyzed. Data for a simple unwinding model, as in Scheme 3, was
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simulated using Eq. 5 (Cy3 signal, Fig. 3A) and Eq. 6 (Cy5 signal, Fig. 3D), with the parameters
found in Table 2. We find the macroscopic unwinding rate from the simulated parameters (mUkU
= 1440 bp/s) and the rate from the inverse slope of lag phase duration as a function of DNA
length are significantly different (Cy3 signal 1776 bp/s and Cy5 signal 2190 bp/s), ranging
from ~20-50% overestimations. Additionally, the macroscopic unwinding rate determined from
the lag time analysis of the Cy3 and Cy5 signals do not match each other. This is surprising as
these signals report on the same process, but perhaps may be explained by the fact that the Cy5
signal has two amplitude terms which may complicate the lag phase.
As mentioned, the unwinding model for describing unwinding by RecBCD includes
initiation steps, described by the rate constants kNP and kC. We included the first initiation step
(kNP = 10s-1) as shown in Scheme 4, simulated using Eq. 7 (Cy3 signal, Fig. 4A) and Eq. 8 (Cy5
signal, Fig. 4D), with the parameters found in Table 2. We find the macroscopic unwinding rate
from the simulated parameters (mUkU = 1440 bp/s) and the rate from the inverse slope of lag
phase duration as a function of DNA length are again significantly different (Cy3 signal 1870
bp/s and Cy5 signal 2196 bp/s), ranging from ~20-50% overestimations. We observe similar
results when we include both initiation steps as shown in Scheme 5, simulated using Eq. 9 (Cy3
signal, Fig. 5A) and Eq. 10 (Cy5 signal, Fig. 5D), with the parameters found in Table 2. We find
the macroscopic unwinding rate from the simulated parameters (mUkU = 1440 bp/s) and the rate
from the inverse slope of lag phase duration as a function of DNA length are again significantly
different (Cy3 signal 1707 bp/s and Cy5 signal 1980 bp/s). Additionally, these results suggest
that the presence of an initiation step affects the length-dependence of the lag phase, providing
another indication that determining the lag time in this manner is not a reasonable estimate for
dsDNA unwinding.
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As with the translocation data, when the calculating the lag phase duration from the
simulated parameters, we find that the calculated lag phase duration is longer than the lag time
observed in the simulated unwinding signals (Figs. 3-5C and 3-5F). However, when we
determine the macroscopic rate of unwinding from the length-dependence of the calculated lag
phase duration, we find good agreement with mUkU (Table 2). These results suggest that using the
length-dependence of lag phase duration is a reasonable way to determine the macroscopic
unwinding rate, but using the intersection of the observed lag phase and increase in signal is not
a reasonable approximation of the lag time (i.e., lag time analysis). This is counter to the results
obtained for ssDNA translocation, where using both the lag time analysis and the calculated lag
phase duration yielded reasonable approximations of the macroscopic translocation rate mtkt
(Table 1).
Cy3 amplitude dependencies on lag-time analysis
Why the overestimation of the macroscopic rate of unwinding is more pronounced
compared to the macroscopic translocation rate by lag time analysis is unknown. However, a
partial explanation for the inaccuracy of lag time analysis, both for unwinding and translocation
kinetics, is the assumption that the Cy3 fluorescence signal increase is well estimated as a linear
function. It is likely that this is a more accurate assumption for translocation time courses
compared to unwinding time courses. We observed that when the lag time from the simulated
parameters is plotted onto the simulated data, it correlates to approximately ½ max amplitude of
the Cy3 fluorescence of the unwinding signal (A = 0.5 so A1/2 = 0.25) (Figs. 1-5, panel C).
Performing the lag time analysis using the time at ½ max amplitude, we find that this results in a
good estimate of the rate of unwinding (Fig. 6). When this is done for the simulated data from
Scheme 3, 4 and 5, we calculate the macroscopic unwinding rate from lag time analysis as 1439,
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1428, and 1440 bp/s, for each scheme respectively. Compared to the rate calculated from the
simulated parameters (mUkU = 1440 bp/s), this is a very good estimate of the rate of unwinding.
Additionally, finding nearly the same unwinding rate for each Scheme 3, 4, and 5, suggests that
this method for lag time analysis is dependent only on the length of DNA unwound as expected.
Therefore, using the time at the ½ max amplitude of the Cy3 signal of dsDNA may be a way to
determine the macroscopic unwinding rate in a semi-quantitative manner.
Applying a simple amplitude correction would likely not be useful for the Cy5 signal.
The discrepancy between the macroscopic unwinding rates determined from lag time analysis
using the Cy3 and Cy5 signals may be ascribed to the requirement of two separate amplitude
terms in Eq. 6, 8, and 10 required to simulate the Cy5 signal. While the use of multiple signals
(i.e. more than one amplitude term) cannot explain why lag time analysis yields a poorer
estimation of the unwinding rate vs. the translocation rate, it may in part be the cause for larger
Cy5 vs. Cy3 discrepancies relative to the calculated macroscopic unwinding rate, where the
signal change is both dependent on the transfer of Cy3 PIFE and the FRET distance
contributions.
Combined, these simulations may indirectly suggest using a quencher in place of Cy5 11
(i.e. fluorescence-quencher pair as opposed to. a FRET pair) may lead to a reduction in error, but
that even when monitoring a single signal will still lead to an overestimation of the unwinding
rate via lag-time analysis. Thus, for an accurate measure of unwinding kinetics, model fitting
should be employed regardless of how strand separation is monitored.

248

Schemes
Scheme 1 (Translocation from duplex of set length)

Scheme 2 (Translocation from duplex of set length including isomerization from a nonproductive
to productive state (kNP) as well as additional initiation steps (kC))

Scheme 3 (Simple unwinding)

Scheme 4 (Unwinding including isomerization from a nonproductive to productive state (kNP))

Scheme 5 (Unwinding including isomerization from a nonproductive to productive state (kNP) as
well as additional initiation steps (kC))
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Equations
(3) with Scheme 1:

(4) with Scheme 2:

(5) with Scheme 3 (Cy3):

(6) with Scheme 3 (Cy5)
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(7) with Scheme 4 (Cy3)

(8) with Scheme 4 (Cy5)

(9) with Scheme 5 (Cy3)

(10) with Scheme 5 (Cy5)
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Table 1. Simulation parameters and comparison of methods of determining the rate of ssDNA
translocation
Simulated parameters

k NP
-1

ssDNA
Translocation

Scheme 1
Scheme 2

kC

kU

mU

kt

mt

m tk t

-1

(s )

-1

(bp/step)

(s )

-1

(bp/step)

(nt/s)

3.6

800

3.6

2880

(s )

(s )

10

400
200

translocation rate
from lag time
analysis (nt/s)

3226
3190

% difference between rate from calculated lengthm tk t and rate from lag
dependence of lag phase
time analysis
duration (Eq. 1) (nt/s)

12
11

3333

Table 2. Simulation parameters and comparison of methods of determining the rate of dsDNA
unwinding
Simulated parameters
k NP
-1

dsDNA
Unwinding

Scheme 3
Scheme 4
Scheme 5

kC

kU

mU

mUkU

-1

-1

(bp/step)

(bp/s)

3.6

1440

(s )

(s )

10
10

- 400
200

(s )

unwinding rate from % difference between unwinding rate from % difference between rate from calculated lengthlag time analysis, m U k U and rate from lag lag time analysis, Cy5 m U k U and rate from
dependence of lag phase
Cy3 (bp/s)
time analysis
(bp/s)
lag time analysis
duration (Eq. 1) (nt/s)

1776
1870
1707
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23
30
19

2190
2196
1980

52
53
38

1428
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Figure 1. Lag time analysis of simulated ssDNA translocation time courses from Scheme 1. A.
Data were simulated for Lss = 30 nt (grey), 50 nt (red), 70 nt (blue), and 90 nt (green) with
parameters Lds = 24 bp, kU = 400 s-1, mU = 3.6 bp step-1, kt = 800 s-1, mt = 3.6 nt step-1, kend = 20 s1, A = 1. Solid black lines estimate the lag phase and linear increase in Cy3 fluorescence. Colored
arrows estimate the lag time for each length L. B. Linear regression (solid black line) of the
length-dependence of the lag phase for the simulated data shown in (A) fit to the equation y = 3.1
E10-4 x + 7.3E-3. The macroscopic rate of ssDNA translocation calculated from the slope-1 =
3226 nt/s, versus mtkt = 2880 nt/s. C. The duration of the lag phase was calculated from
simulated parameters (Eq. 1) and plotted onto the simulated data. The black lines with
arrowheads are at the calculated duration of the lag phase from the simulated parameters and are
drawn to intersect the data for the corresponding L, and the Cy3 fluorescence at that intersection
is shown in colored lines (~0.5 V). The calculated duration of the lag phase is longer than the
observed lag phase, but they have the same length-dependence and therefore the observed lag
phase can be used to determine the macroscopic rate of translocation.
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Figure 2. Lag phase analysis of simulated ssDNA translocation time courses from Scheme 2. A.
Data were simulated for Lss = 30 nt (grey), 50 nt (red), 70 nt (blue), and 90 nt (green) with
parameters Lds = 24 bp, kU = 400 s-1, mU = 3.6 bp step-1, kNP = 10 s-1, kC = 200 s-1, h = 2, kt = 800
s-1, mt = 3.6 nt step-1, kend = 20 s-1, A = 1. Solid black lines estimate the lag phase and linear
increase in Cy3 fluorescence. Colored arrows estimate the lag time for each length Lss. B. Linear
regression (solid black line) of the length-dependence of the lag phase for the simulated data
shown in (A) fit to the equation y = 3.135 E10-4 x + 1.33E-2. The macroscopic rate of ssDNA
translocation calculated from the slope-1 = 3190 nt/s, versus mtkt = 2880 nt/s. C. The duration of
the lag phase was calculated from simulated parameters (Eq. 1) and plotted onto the simulated
data. The black lines with arrowheads are at the calculated duration of the lag phase from the
simulated parameters and are drawn to intersect the data for the corresponding L, and the Cy3
fluorescence at that intersection is shown in colored lines (~0.5 V). The calculated duration of
the lag phase is longer than the observed lag phase, but they have the same length-dependence
and therefore the observed lag phase can be used to determine the macroscopic rate of
translocation.
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Figure 3. Lag phase analysis of simulated dsDNA unwinding time courses from Scheme 3. Data were
simulated for L = 25 bp (grey), 30 bp (red), 40 bp (blue), 50 bp (green) and 60 bp (purple) with
parameters kU = 400 s-1, mU = 3.6 bp step-1. A. Simulated time course for Cy3 fluorescence, where A = 0.5
for all L. Data shown in colored symbols and solid black lines estimate the lag phase and linear increase
in Cy3 fluorescence. Colored arrows estimate the lag time for each length L. B. Linear regression (solid
black line) of the length-dependence of the lag phase for the simulated data shown in (A) fit to the
equation y = 5.63 E10-4 x + -6.15E-3. The macroscopic rate of dsDNA unwinding calculated from the
slope-1 = 1776 bp/s, versus mUkU = 1440 bp/s. C. The duration of the lag phase was calculated from
simulated parameters (Eq. 1) and plotted onto the simulated data. The black lines with arrowheads are at
the calculated lag time from the simulated parameters and are drawn to intersect the data for the
corresponding L, and the Cy3 fluorescence at that intersection is shown in colored lines (~0.25 V). The
calculated duration of the lag phase is longer than the observed lag phase. These two methods of
determining the lag time do not have the same length-dependence, and therefore the observed lag phase
cannot be used to accurately determine the macroscopic rate of unwinding. D. Simulated time course for
Cy5 fluorescence (A = -0.2 and B = 2 for all L). Data shown in colored symbols and solid black lines
estimate the lag phase and linear increase in Cy5 fluorescence. Colored arrows estimate the lag time for
each length L. E. Linear regression (solid black line) of the length-dependence of the lag phase for the
simulated data shown in (A) fit to the equation y = 4.566 E10-4 x + -7.0E-3. The macroscopic rate of
dsDNA unwinding calculated from the slope-1 = 2190 bp/s, versus mUkU = 1440 bp/s. F. The duration of
the lag phase was calculated from simulated parameters (Eq. 1) and plotted onto the simulated data. The
black lines with arrowheads are at the calculated lag time from the simulated parameters and are drawn to
intersect the data for the corresponding L, and the Cy5 fluorescence at that intersection is shown in
colored lines (~0.1-0.2 V). These two methods of determining the lag time do not have the same lengthdependence, and therefore the observed lag phase cannot be used to accurately determine the macroscopic
rate of unwinding.
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Figure 4. Lag phase analysis of simulated dsDNA unwinding time courses from Scheme 4. Data were
simulated for L = 25 bp (grey), 30 bp (red), 40 bp (blue), 50 bp (green) and 60 bp (purple) with
parameters kU = 400 s-1, kNP = 10 s-1 mU = 3.6 bp step-1, x = 0.9. A. Simulated time course for Cy3
fluorescence, where A = 0.5 for all L. Data shown in colored symbols and solid black lines estimate the
lag phase and linear increase in Cy3 fluorescence. Colored arrows estimate the lag time for each length L.
B. Linear regression (solid black line) of the length-dependence of the lag phase for the simulated data
shown in (A) fit to the equation y = 5.35 E10-4 x + -4.9E-3. The macroscopic rate of dsDNA unwinding
calculated from the slope-1 = 1870 bp/s, versus mUkU = 1440 bp/s. C. The duration of the lag phase was
calculated from simulated parameters (Eq. 1) and plotted onto the simulated data. The black lines with
arrowheads are at the calculated lag time from the simulated parameters and are drawn to intersect the
data for the corresponding L, and the Cy3 fluorescence at that intersection is shown in colored lines
(~0.25 V). The calculated duration of the lag phase is longer than the observed lag phase. These two
methods of determining the lag time do not have the same length-dependence, and therefore the observed
lag phase cannot be used to accurately determine the macroscopic rate of unwinding. D. Simulated time
course for Cy5 fluorescence (A = -0.2 and B = 2 for all L). Data shown in colored symbols and solid black
lines estimate the lag phase and linear increase in Cy5 fluorescence. Colored arrows estimate the lag time
for each length L. E. Linear regression (solid black line) of the length-dependence of the lag phase for the
simulated data shown in (A) fit to the equation y = 4.554 E10-4 x + -6.95E-3. The macroscopic rate of
dsDNA unwinding calculated from the slope-1 = 2196 bp/s, versus mUkU = 1440 bp/s. F. The duration of
the lag phase was calculated from simulated parameters (Eq. 1) and plotted onto the simulated data. The
black lines with arrowheads are at the calculated lag time from the simulated parameters and are drawn to
intersect the data for the corresponding L, and the Cy5 fluorescence at that intersection is shown in
colored lines (~0.1-0.2 V). The calculated duration of the lag phase is longer than the observed lag phase.
These two methods of determining the lag time do not have the same length-dependence, and therefore
the observed lag phase cannot be used to accurately determine the macroscopic rate of unwinding.
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Figure 5. Lag phase analysis of simulated dsDNA unwinding time courses from Scheme 5. Data were
simulated for L = 25 bp (grey), 30 bp (red), 40 bp (blue), 50 bp (green) and 60 bp (purple) with
parameters kU = 400 s-1, kNP = 10 s-1, kC = 200 s-1, mU = 3.6 bp step-1, x = 0.9. A. Simulated time course for
Cy3 fluorescence, where A = 0.5 for all L. Data shown in colored symbols and solid black lines estimate
the lag phase and linear increase in Cy3 fluorescence. Colored arrows estimate the lag time for each
length L. B. Linear regression (solid black line) of the length-dependence of the lag phase for the
simulated data shown in (A) fit to the equation y = 5.86 E10-4 x + -2.75E-4. The macroscopic rate of
dsDNA unwinding calculated from the slope-1 = 1707 bp/s, versus muku = 1440 bp/s. C. The duration of
the lag phase was calculated from simulated parameters (Eq. 1) and plotted onto the simulated data. The
black lines with arrowheads are at the calculated lag time from the simulated parameters and are drawn to
intersect the data for the corresponding L, and the Cy3 fluorescence at that intersection is shown in
colored lines (~0.25 V). The calculated duration of the lag phase is longer than the observed lag phase.
These two methods of determining the lag time do not have the same length-dependence, and therefore
the observed lag phase cannot be used to accurately determine the macroscopic rate of unwinding. D.
Simulated time course for Cy5 fluorescence (A = -0.2 and B = 2 for all L). Data shown in colored symbols
and solid black lines estimate the lag phase and linear increase in Cy5 fluorescence. Colored arrows
estimate the lag time for each length L. E. Linear regression (solid black line) of the length-dependence
of the lag phase for the simulated data shown in (A) fit to the equation y = 5.05 E10-4 x + -3.85 E-3. The
macroscopic rate of dsDNA unwinding calculated from the slope-1 = 1980 bp/s, versus mUkU = 1440 bp/s.
F. The duration of the lag phase was calculated from simulated parameters (Eq. 1) and plotted onto the
simulated data. The black lines with arrowheads are at the calculated lag time from the simulated
parameters and are drawn to intersect the data for the corresponding L, and the Cy5 fluorescence at that
intersection is shown in colored lines (~0-0.1 V). The calculated duration of the lag phase is longer than
the observed lag phase. These two methods of determining the lag time do not have the same lengthdependence, and therefore the observed lag phase cannot be used to accurately determine the macroscopic
rate of unwinding.
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Figure 6. Lag time analysis using the lag time at A1/2 of simulated dsDNA unwinding time
courses from Scheme 3. Data were simulated for L = 25 bp (grey), 30 bp (red), 40 bp (blue), 50
bp (green) and 60 bp (purple) with parameters kU = 400 s-1, mU = 3.6 bp step-1. A. Simulated time
course for Cy3 fluorescence, where A = 0.5 for all L. Data shown in colored symbols, A = 0.5
and A1/2 = 0.25 shown in a dashed and dotted black lines, respectively. Colored arrows estimate
the lag time for each length L at A1/2. B. Linear regression (solid black line) of the lengthdependence of the lag phase for the simulated data shown in (A) fit to the equation y = 6.946
E10-4 x + -8.0 E-3. The macroscopic rate of dsDNA unwinding calculated from the slope-1 = 1439
bp/s, versus mUkU = 1440 bp/s.

258

References
1. Xie, F., Wu, C. G., Weiland, E. & Lohman, T. M. Asymmetric Regulation of Bipolar Singlestranded DNA Translocation by the Two Motors within Escherichia coli RecBCD Helicase. J
Biol Chem 288, 1055 1064 (2013).
2. Wu, C. G., Bradford, C. & Lohman, T. M. Escherichia coli RecBC helicase has two
translocase activities controlled by a single ATPase motor. Nat Struct Mol Biol 17, 1210 (2010).
3. Tomko, E. J., Fischer, C. J. & Lohman, T. M. Ensemble methods for monitoring enzyme
translocation along single stranded nucleic acids. Methods 51, 269 276 (2010).
4. Dillingham, M. S., Wigley, D. B. & Webb, M. R. Direct Measurement of Single-Stranded
DNA Translocation by PcrA Helicase Using the Fluorescent Base Analogue 2-Aminopurine.
Biochemistry-us 41, 643 651 (2002).
5. Saikrishnan, K., Powell, B., Cook, N. J., Webb, M. R. & Wigley, D. B. Mechanistic Basis of
Cell 137, 849 859 (2009).
6. McClelland, S. E., Dryden, D. T. F. & Szczelkun, M. D. Continuous Assays for DNA
Translocation Using Fluorescent Triplex Dissociation: Application to Type I Restriction
Endonucleases. J Mol Biol 348, 895 915 (2005).
7. Wu, C. G., Xie, F. & Lohman, T. M. The Primary and Secondary Translocase Activities
within E. coli RecBC Helicase Are Tightly Coupled to ATP Hydrolysis by the RecB Motor. J
Mol Biol 423, 303 314 (2012).
8. Gutfreund, H. Kinetics for the Life Sciences: Receptors, Transmitters and Catalysts.
(Cambridge University Press, 1995).
9. Ali, J. A. & Lohman, T. M. Kinetic Measurement of the Step Size of DNA Unwinding by
Escherichia coli UvrD Helicase. Science 275, 377 380 (1997).
10. Ingram, Z. M., Scull, N. W., Schneider, D. S. & Lucius, A. L. Multi-start Evolutionary
Nonlinear OpTimizeR (MENOTR): A hybrid parameter optimization toolbox. Biophys Chem
279, 106682 (2021).
11. Ordabayev, Y. A., Nguyen, B., Niedziela-Majka, A. & Lohman, T. M. Regulation of UvrD
Helicase Activity by MutL. J Mol Biol 430, 4260 4274 (2018).

259

Appendix B
Global NLLS analysis of n-step kinetic models of the Cy3
fluorescence of dsDNA unwinding by RecBCD and RecB CD
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In Chapter 3, we presented the global NLLS analysis of the Cy5 fluorescence signal for
RecBCD and RecB

CD unwinding dsDNA from a blunt end and

-

-dT6

-

dT10 end. Here, we present the global NLLS analysis of the corresponding Cy3 fluorescence
signals. Analysis of the Cy3 fluorescence signal was complicated by the distinction between
phase 1 and 2 in the RecB
for both RecBCD and RecB
RecB

CD unwinding time courses (Fig. 1). The two phases are present
CD Cy3 and Cy5 time courses but is most apparent in the

CD Cy3 time course. Phases 1 and 2 represent initially productive and non-productive

enzyme-DNA complexes, respectively.
As described in Chapter 3 Material and Methods, dsDNA unwinding is measured using
single-turnover, all-or-nothing stopped-flow fluorescence experiments with DNA substrates I
and II (Chapter 3, Fig. 3A). The data described here was collected in buffer M30 (20 mM MOPSKOH pH 7.0, 30 mM NaCl, 5% (v/v) glycerol, 10 mM MgCl2, 1 mM 2-ME) at 37°C. RecBCD
or RecB

CD is prebound to DNA and rapidly mixed with ATP:Mg2+ and protein trap. Upon

mixing, the helicase unwinds dsDNA composed of strands that are individually labeled with a
Cy3 and Cy5 FRET pair. DNA unwinding results in the separation of the Cy3 and Cy5 labeled
strands, resulting in an increase in Cy3 fluorescence and a decrease in Cy5 fluorescence1 3. Each
of the Cy3 and Cy5 signals can both be analyzed using n-step kinetic models to theoretically
yield the same parameters1,4. Here, we used the n-step kinetic models described by Schemes 1, 2,
and 3 for analysis of the Cy3 signal only. Scheme 1 describes a number, m, of repeated
unwinding steps described by the rate constant kU with an initial isomerization from a nonproductive to productive helicase-DNA complex, kNP , whereas Scheme 2 has an additional
initiation step, kC, subsequent to kNP but prior to the series of repeating unwinding steps. It has
been suggested that the additional kC steps reflect the process of initial binding of the RecD
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3.

Previous work has reported that this step is required to describe

RecBCD-catalyzed unwinding from a blunt end, but not needed to describe unwinding from a
pre-melted

-dT6

catal

-dT10 1,3,5. However, in Chapter 3, we present our findings that RecBCD-dT6

-dT10 end is best described when the kC steps are included,

possibly due to the experiments being performed at 37°C versus previously at 25°C. Scheme 3 is
similar to Scheme 2 but lacks the isomerization step. RecB
Scheme 3 is used to describe only phase 1 of RecB
-dT6

CD-catalyzed unwinding from

CD-catalyzed unwinding from a pre-

-dT10 end. Because only phase 1 is analyzed, no isomerization step is needed.

dsDNA unwinding by RecBCD from a blunt end
For dsDNA unwinding initiated from a blunt end by RecBCD, we performed global
NLLS analysis on the full Cy3 fluorescence unwinding time courses (0.5 s) using Scheme 2 (Eq.
2) (Fig. 2A). Table 1 provides all averages and standard deviations of the best fit parameters.
There is some disagreement between the parameters derived from the NLLS analysis of the Cy3
and Cy5 fluorescence. Previously publications reported no significant difference between the
analysis using Cy3 or Cy5 fluorescence signals1, as expected. W
reason for this difference, we suspect that performing these experiments at 37°C (versus 25°C),
significantly increased the noise in the signals and resulted in fits with larger errors.
For the Cy3 signal for RecBCD unwinding from a blunt end, the macroscopic unwinding
rate (mkU) is 2032 ± 158 bp/s. This is 14% faster compared to the macroscopic unwinding rate
found from fitting the Cy5 fluorescence signal (mkU 1738 ± 11 bp/s). We determined the step
size m from the inverse slope of the plot of the number of steps n versus length L unwound (Fig.
2B). From this, we find that m = 2.83 ± 1.23 bp/step. This value is more consistent with the ~ 4
bp/step that has been previously reported6, but larger than the value reported from the parameters
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determined from the Cy5 signal (m = 1.53 ± 0.19 bp/step) (Chapter 3, Fig 9). The average values
of kU = 786 ± 236 and 1150 ± 141 for the Cy3 and Cy5 signals, respectively. As discussed
previously in Chapter 3, the mkU is a better constrained parameter than the individual
microscopic rate constants and parameters, as m and kU are correlated, suggesting that the faster
mkU value is more reliable than the slightly slower kU value of the Cy3 signal.
Similarly, kNP and kC show variation in their relative values between the fitting of the Cy3
and Cy5 signals, although the rate constants are the same order of magnitude. Again, the reason
for these variations is not understood, but may be a result of noisier signal relative to previously
published data due to the increased temperature of the experimental conditions.
dsDNA unwinding by RecB

CD from a blunt end

For dsDNA unwinding initiated from a blunt end by RecB

CD, we observe a weak

length-dependence to the lag phase (Fig. 2C), as was observed in the Cy5 fluorescence signal
(Chapter 3, Fig. 9). Therefore, to perform global NLLS analysis using Scheme 2 and determine a
value for the step size m, we used Eq. 3, in which the length L is an explicit and fixed input. The
step size is derived from the equivalence of number of steps n = L/m. The average steps size
from the Cy3 fluorescence fits was m = 1.22 ± 0.31 (Table 1). For RecB

CD-catalyzed

unwinding from a blunt end, the macroscopic unwinding rates determined from the Cy3
fluorescence (694 ± 71 bp/s) is nearly 50% slower than the rate from the Cy5 fluorescence (1314
± 132). The global fit of the Cy3 fluorescence signal does not capture the 1 st phase of the
unwinding signal (Fig. 2C) but does describe the 2nd phase well (Fig. 2D). In the Cy5 signal, the
1st phase is not observable, and the full time course is well described by the fit (Chapter 3, Fig.
9). Because of these differences, it is perhaps expected that the parameters do not match.
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Ultimately, seeing that the time courses can fully described by the fits, we have higher
confidence in the Cy5 parameters compared to Cy3.
Importantly, although we observe some differences between the parameters from the
global NLLS analysis of the Cy3 and Cy5 fluorescence signals for RecBCD and RecB

CD-

catalyzed unwinding from a blunt end, we find that the general trends in comparing RecBCD and
RecB

cCD

unwinding are consistent when making the comparison of the Cy3 or Cy5 signals

independently. Primarily, we find that the macroscopic rate of unwinding by RecB

CD is

significantly slower than unwinding by RecBCD when fitting to the Cy3 signals (Table 1),
consistent with our findings from evaluating the Cy5 time courses in Chapter 3.
dsDNA unwinding by RecBCD from a pre-

-dT6

For dsDNA unwinding initiated from a pre-

-dT10 end
-dT6

-dT10 end by RecBCD, we

performed global NLLS analysis on the full Cy3 fluorescence unwinding time courses (0.5 s)
using Scheme 1 and 2 (Eq. 1 and 2) (Table 1, Fig. 3A and C). Fig. 3A shows the fit to Scheme 1,
which does not include the initiation step with the rate constant kC. The macroscopic rate of
unwinding was mkU = 1682 ± 156 bp/s. The microscopic rate constants and the macroscopic
unwinding rate closely matches the parameters from the NLLS analysis of the Cy5 signal for
these data sets (Table 1). To determine the step size, we used the inverse slope of the plot of the
number of steps n versus length unwound L and found that the step size m was equal to 3.97 ±
0.54. However, this linear regression exhibits a positive y-intercept (5.18 ± 0.60) (Fig. 3B),
which suggests the presence of additional kinetic steps in the mechanism that are not directly
associated with DNA unwinding4,5. This has previously been demonstrated to be the initiation kC
steps for RecBCD-catalyzed unwinding3.
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Therefore, we analyzed the time courses of RecBCD-catalyzed unwinding from a pre-dT6

=dT10 using Scheme 2 (Table 1, Fig. 3C). The macroscopic unwinding rate for
-dT6

-dT10 is mkU = 1654 ± 131 bp/s. The macroscopic

unwinding rate shows good agreement with the rate determined from analysis of the Cy5 signal
using Scheme 2 (1795 ± 36 bp/s). We determined the step size m from the inverse slope of the
plot of the number of steps n versus length L unwound (Fig. 3D). From this, we find that m =
2.76 ± 0.23 bp/step and the y-intercept of the linear regression is zero within error (0.24 ± 1.24).
Here, our findings from analysis of the Cy3 fluorescence are in agreement with analysis
done in Chapter 3 for the Cy5 signal, in that RecBCD-catalyzed unwinding from a

-dT6

-

dT10 end is better described by an n-step kinetic model which includes a kC initiation step. We
also find reasonable agreement between the parameters found from analysis of the Cy3 and Cy5
signals for Schemes 1 and 2 (Table 1). Comparing the macroscopic unwinding rate determined
from the Cy3 signal of unwinding by RecBCD, the rate of unwinding from a

-dT6

-dT10 is

slightly slower compared to unwinding from a blunt end, although for the Cy5 signal, there is no
significant difference. The agreement between the fitted parameters from the Cy3 and Cy5
signals for RecBCD unwinding from a

-dT6

-dT10 end, suggests that for these data, the Cy3

and Cy5 signals are equally reliable methods of analysis.
dsDNA unwinding by RecB
For RecB

CD

CD from a pre-dT6

-dT6

-dT10 end

-dT10 end, we were able to globally analyze

only phase 1 of the Cy3 fluorescence using n-step kinetic models (Fig. 4). Time courses were cut
off at 0.12 s and only those data were analyzed, excluding any data from phase 2 (Fig. 4). We
performed global NLLS fitting analysis using Scheme 3 (Eq. 4) (Table 1, Figs. 4). The analysis
from Scheme 3 yielded a macroscopic unwinding rate of mkU = 1250 ± 116 bp/s. The step size m
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determined from the n versus L plot is m = 1.78 ± 0.98 bp/step and the linear regression has a yintercept that is zero within error (-1.73 ± 2.1) (Fig. 4B). This suggests that Scheme 3 is adequate
to fully describe phase 1 of RecB

CD-catalyzed unwinding from a

-dT6

-dT10 end, without

the isomerization step kNP. The value of kC = 213 ± 92 s-1, which is significantly faster than the
value determined when both phases are included in the fit. This may suggest that the initiation
step rates for the initially productive and non-productive populations differ, such that the
productive population (phase 1) initiates more quickly than the initially non-productive
population. This remains speculation, however, because we were not able to fit only data from
phase 2.
The macroscopic unwinding rate from the Cy3 signal of RecB

CD dsDNA unwinding

is somewhat faster compared to the rate from the Cy5 signal (1259 ± 116 vs. 934 ± 158 bp/s).
This is likely due to the fact that the analysis of the Cy3 signal only includes data from phase 1,
whereas the Cy5 signal considers both phase 1 and 2. It is likely not meaningful or accurate to
compare the parameters determined from the Cy3 signal of RecB
end and a

-dT6

CD unwinding from a blunt

-dT10 end because they reflect fits to phase 2 and 1, respectively. The

presence of two phases in the Cy3 signal of RecB

CD significantly increased the complexity

of analyzing the data. Due to this complexity, we have more confidence in the global NLLS
analysis of the Cy5 fluorescence, and therefore primarily depended on the parameters derived
from those analyses to compare RecBCD and RecB
the primary conclusion from Chapter 3, that RecB

CD-catalyzed unwinding. We do find that
CD unwinds dsDNA significantly slower

than RecBCD, is maintained from the analysis of the Cy3 fluorescence signals. Therefore, we
remain confident that this conclusion is valid.
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Schemes
Scheme 1 (Unwinding including isomerization from a nonproductive to productive state (kNP))

Scheme 2 (Unwinding including isomerization from a nonproductive to productive state (kNP) as
well as additional initiation steps (kC))

Scheme 3 (Unwinding with initiation steps (kC))
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Equations
(1) with Scheme 1

(2) with Scheme 2

(3) with Scheme 2, with fixed L

(4) with Scheme 3
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Table 1. Parameters from the Cy3 and Cy5 fluorescence signals for RecBCD and RecB CDcatalyzed unwinding from a blunt and melted -dT6 -dT10 end from global NLLS analysis
using Schemes 1, 2, and 3.
DNA end type

Protein

Dye

RecBCD

Cy3
Cy5*

Scheme and
equation used
k U (s-1) m (bp/step)
to fit
Scheme 2, Eq. 2 786 236 2.83 + 1.23
Scheme 2
1150 141 1.53 0.19

Cy3
Cy5*

Scheme 2, Eq. 3
Scheme 2

209
193

1.22
3.35

0.31 1.6
1.77 1.02

Cy3
Cy5*
Cy3
Cy5*

Scheme 1, Eq. 1 425 25
Scheme 1
462 22
Scheme 2, Eq. 2 604 91
Scheme 2
1344 168

3.97
3.82
2.76
1.35

0.54
0.25
0.23
0.20

Cy3
Cy5*
Cy5*

Scheme 3, Eq. 4
Scheme 1
Scheme 2

1.78
6.28
2.75

0.98
213 92
1.24 6.91 1.40
2.03 5.0 0.8
41 33

Blunt
RecB

nuc

CD

RecBCD
T6T10
RecB

nuc

CD

596
460

840 420
155 50
505 275

*Data and analysis presented in Chapter 3
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k NP (s-1)

k C (s-1)

h (steps)

5.5 + 3.9
9.7 2.3

214
141

5.1
2.7

0.1 200
0.04 3.85

23
10

0.7
0.5

114 1.1
0.40 1.34

20.2 11.9
20.2 6.5
20.8 10.1 267 44
12.1 0.9 116 5

2032 158
1738 11

0.0059
0.0029

0.1 0.12
0.03 0.67

0.01
0.05

694
1314

71
132

0.0098
0.0027

0.94
0.63
0.96
0.74

0.13
0.03
0.13
0.04

1682 156
1757 36
1654 131
1795 36

0.0062
0.0062
0.0090
0.0033

0.05
0.16

1250 116
934 158
1015 134

0.0061
0.0052
0.0053

1.1
-

1.1

rmsd

0.09
0.02

2.0
0.3

3.5

mk U (bps-1)

1.02
0.77

4.0
1.6

x

0.1

0.31
0.47

Figure 1. Representative Cy3 and Cy5 time courses for RecBCD (red) and RecB CD (blue)catalyzed unwinding from L = 30 bp on DNA substrate III to illustrate phase 1 and 2 in the
unwinding signals. The distinction between phase 1 and 2 is more easily observed in the Cy3
signals. Time courses for A. Cy3 RecBCD unwinding, B. Cy3 RecB CD unwinding
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Figure 2. Representative time courses of single-turnover kinetics of RecBCD and RecB CD-catalyzed
unwinding of DNA substrates with a blunt end (DNA substrate I from Chapter 3). Time courses were
obtained as a function of duplex length (L = 25 bp (black); 30 bp (red); 37 bp (blue); 40 bp (green); 43 bp
(purple); 50 bp (gold)). Data points are a representative set of data, and the smooth curves are simulated
time courses based on the global NLLS best fits to Scheme 2. A. The analysis of the Cy3 signal of
RecBCD unwinding from a blunt end results in the following average best-fit parameters from Eq. 2: kU =
786 ± 236 s-1, kC = 214 ± 23 s-1, kNP = 5.5 ± 3.9 s-1, h = 5.1 ± 0.7 steps, and x = 1.0 ± 0.1. B. Plot of the
average number of unwinding steps n versus duplex length L for all data sets. Error bars represent the
standard deviation/error of over multiple data sets. The continuous line shows the linear least-squares fit
through the data (n = (0.417 ± 0.092)L (1.11 ± 3.45))). The average step size m was determined from
the inverse slope of a plot of length versus n number of steps and is 2.83 ± 1.23 bp/step (intercept = -1.1 ±
3.4). The macroscopic unwinding rate in bp/s is determined as mkU = 2032 ± 158 bp/s. C. The analysis of
the Cy3 signal of RecB CD results in the following average best-fit parameters from Eq. 3: kU = 460 ±
193 s-1, m = 3.35 ± 1.77, kC = 3.85 ± 0.40 s-1, kNP = 1.02 ± 0.04 s-1, h = 1.34 ± 0.03 steps, and x = 0.67 ±
0.05. The macroscopic unwinding rate in bp/s is determined as mkU = 1314 ± 132 bp/s. The first phase is
not captured by this fit, suggesting that the parameters do not describe the full unwinding time course. D.
Representative of RecB CD unwinding time course with data shown to 5s to observe the plateau. The
fit describes the 2nd phase well, but not the first.
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Figure 3. Representative time courses of single-turnover kinetics of RecBCD-catalyzed unwinding of
-dT6 -dT10 end (DNA substrate II, Chapter 3). Time courses were obtained as
a function of duplex length (L = 25 bp (black); 37 bp (red); 43 bp (blue); 48 bp (green); 53 bp (purple); 60
bp (gold)). Data points are a representative set of data, and the smooth curves are simulated time courses
based on the global NLLS best fits to Scheme 1 or 2, as indicated. A. Representative time course of
RecBCD unwinding from a pre-melted end fit to Scheme 1 with best fit parameters from Eq. 1: kU = 425
± 25 s-1, kNP = 20.2 ± 11.9 s-1, and x = 0.94 ± 0.13. The macroscopic unwinding rate is mkU = 1682 ± 156
bp/s. B. Plot of the average number of unwinding steps n versus duplex length L for all data sets. Error
bars represent the standard deviation of over multiple data sets. The continuous line shows the linear
least-squares fit through the data (n = (0.267 ± 0.014)L + (5.18 ± 0.60))). The average step size m was
equal to 3.97 ± 0.54 bp/step. C. Representative time course of RecBCD unwinding from a pre-melted
end fit to Scheme 2 with best fit parameters from Eq. 2: kU = 604 ± 91 s-1, kNP = 20.8 ± 10.1 s-1, kC = 267 ±
44 s-1, h = 4.02 ± 1.98 steps, and x = 0.96 ± 0.13. The macroscopic unwinding rate is mkU = 1654 ± 131
bp/s. D. Plot of the average number of unwinding steps n versus duplex length L for all data sets. Error
bars represent the standard deviation of over multiple data sets. The continuous line shows the linear
least-squares fit through the data (n = (0.348 ± 0.024)L + (0.24 ± 1.24)). The average step size m was
equal to 2.76 ± 0.23 bp/step.
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Figure 4. Representative time courses of single-turnover kinetics of phase 1 of RecB CD-dT6 -dT10 end (DNA substrate II, Chapter 3).
Time courses were obtained as a function of duplex length (L = 25 bp (black); 30 bp (red); 37 bp
(blue); 40 bp (green); 43 bp (purple); 48 bp (gold); 50 bp (cyan)). Data points are a
representative set of data, and the smooth curves are simulated time courses based on the global
NLLS best fits to Scheme 3. A. Representative time course of RecB CD unwinding from a
pre-melted end fit to Scheme 3 with best fit parameters from Eq. 4: kU = 840 ± 420 s-1, kC = 213
± 92 s-1, and h = 3.5 ± 1.1 steps. The macroscopic unwinding rate is mkU = 1250 ± 116 bp/s. D.
Plot of the average number of unwinding steps n versus duplex length L for all data sets. Error
bars represent the standard deviation of over multiple data sets. The continuous line shows the
linear least-squares fit through the data n = (0.562 ± 0.075)L + (-1.73 ± 2.1)). The average step size
m was equal to 1.78 ± 0.98 bp/step.
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Appendix C
Global NLLS analysis of n-step kinetic models of ssDNA
translocation by RecBCD and RecB CD
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In Chapter 3, we determined the rate of single stranded DNA translocation by RecBCD
and RecB

CD using

from the length-dependence of the lag phase. The

benefit of this analysis is that minimal assumptions about the mechanism are needed, as the lag
phase is directly related to the number of steps or length of DNA that is translocated. In
Appendix A, we demonstrate that using the length-dependence of the lag phase to determine the
rate of translocation provides a reasonable estimate for the macroscopic rate of translocation.
Here, we present attempts of to fit RecBCD and RecB

CD ssDNA translocation time courses

using an n-step kinetic model (Scheme 1, Eq. 1) using global NLLS analysis.
As described in Chapter 3, we examined RecBCD and RecB

CD-catalyzed ssDNA

DNA substrates III and IV (Chapter 3,
Fig. 3B), respectively. Translocation experiments were performed in buffer M275 at 37°C. In
these experiments, RecBCD or RecB

CD bind the high affinity, pre-

-dT6/ -dT10

site, unwind a short duplex (24 bp) and then translocate along the various lengths of unpaired
dTL tails, followed by dissociation from the DNA. Translocation is measured as a function of
Cy3 fluorescence. The signal arises from protein-induced fluorescence enhancement (PIFE) of
Cy3 when RecBCD reaches a Cy3 fluorophore at the end of one of the unpaired dTL tails. We
examined ssDNA translocation for Lss = 30, 50, 70, and 90 nt and analyzed the data using an nstep kinetic model described by Scheme 1 (Eq. 1) using MENOTR1. The parameters describing
the unwinding portion of the model were fixed using parameter averages determined from global
NLLS analysis of the Cy5 fluorescence signal of dsDNA unwinding initiating from a
6

10

end (Chapter 3, Table 2) in buffer M275 at 37°C.

Analysis of RecBCD-catalyzed ssDNA translocation data resulted in fits that accurately
described the data for b

to

to

(Fig. 1). However, for
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RecB

CD-catalyzed ssDNA translocation, only the lag phase and initial Cy3 increase was well
(Fig. 2). Other models were also attempted, but

we were unable to find one that resulted in a good fit of the full translocation time course (data
not shown).
to
translocation is mtkt = 2343 ± 22 nt/s (Fig. 1A, Table 1). The rate determined from lag time
analysis is 2530 ± 40 nt/s, which is a slight overestimation compared to mtkt, consistent with the
results presented in Appendix A, which suggest that lag time analysis may slightly overestimate
the macroscopic translocation rate. However, the data are well described by the fit to Scheme 1
and the macroscopic translocation

to

by RecBCD, we find that the macroscopic rate of translocation is mtkt = 2958 ± 71 nt/s (Fig. 1B,
Table 1), which shows good agreement with the rate determined from lag time analysis of 2960
± 60 nt/s.

kt
, but mt is significantly larger

mtkt

value. However, as discussed in Chapter 3, the mtkt is a better constrained parameter and we have
more confidence in the overall translocation rate compared to the kt or mt values. Additionally,
nd, as kend
~eight times
The global NLLS analysis of RecB

.
CD-catalyzed ssDNA translocation does not result

in a good description of the data (Fig. 2). The lag phase and initial increase in Cy3 signal is
captured, but the remainder of the fit is not well described. In addition to the fit being a
qualitatively poor description of the data, we find that the macroscopic rates of translocation
show larger differences compared to the rates determined from lag time analysis than what is
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CD, mtkt = 2125 ± 122 nt/s.
This is slower compared to the rate determined by lag time analysis (2380 ± 110 nt/s).
CD, mtkt = 2804 ± 150 nt/s, compared to the rate determined
by lag time analysis (2900 ± 60 nt/s). These rates are in reasonable agreement, but given the
overall poor fit to the n-step model, we have more confidence in the rates determined from the
lag time analysis. One possible explanation for why the RecB

CD-catalyzed ssDNA

translocation data is not well described by the n-step kinetic model may be that the two phases
observed in the Cy3 signal of dsDNA unwinding by RecB

CD (Chapter 3, Fig. 7) affect

ssDNA translocation, but are not fully accounted for in our model.
Although we were able to find reasonable fits to an n-step kinetic model of ssDNA
translocation by RecBCD, we did not find reasonable fits for RecB

CD ssDNA translocation.

Perhaps better understanding and modeling of the two phases observed in dsDNA unwinding by
RecB

CD would aid in modeling of RecB

CD-catalyzed ssDNA translocation. Despite

attempts to fit to several models, we were not able to find one that described the full
translocation time course for RecB

CD. For RecBCD-catalyzed ssDNA translocation however

we found that the data is well described by the n-step model from Scheme 1, and we find good
agreement between the macroscopic rates of translocation determined from the n-step model and
from lag time analysis, consistent with the data presented in Appendix A.
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Schemes
Scheme 1 (Translocation from duplex of set length including isomerization from a nonproductive
to productive state (kNP) as well as additional initiation steps (kC))

Equations
(1) Scheme 1

Table 1. Parameters for global NLLS analysis of RecBCD and RecB
translocation.
RecBCD
Dnuc

RecB

CD

RecBCD
Dnuc

RecB

CD

3' to 5'
5' to 3'

k U (s-1)
n U (# of steps)
k NP (s-1)
constrained constrained
constrained
1150
8.7
10
730
13.5
5
1150
730

8.7
13.5

10
5

k C (s-1)
h (steps)
k t (s-1)
m t (nt/step)
constrained constrained
140
1.3
2195 297 1.12 0.15
25
1.1
2240 77 0.95 0.08
140
25

1.3
1.1

1704 140
2454 60

279

1.72
1.14

0.25
0.07

k end (s-1)
51
14.5

1
1.1

421
1234

78
140

CD ssDNA
x
mU kU
constrained
(bp/s)
0.80
1700 20
0.44
1250 40
0.80
0.44

1700
1250

20
40

m t k t (nt/s)
2424
2125

100
122

2910
2804

280
150

rate from lag time
analysis (nt/s)
2530 40
2380 110
2960
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Figure 1. Representative time courses of single-turnover kinetics of RecBCD-catalyzed ssDNA
translocation. Time courses were obtained as a function of ssDNA length (Lss = 30 nt (black); 50 nt
(red); 70 nt (blue); 90 nt (green)). Data points are a representative set of data, and the smooth curves are
simulated time courses based on the global NLLS best fits to Scheme 1. A. RecBCDssDNA. The macroscopic translocation rate is mtkt = 2424 ± 100 bp/s. B. RecBCDssDNA. The macroscopic translocation rate is mtkt = 2910 ± 280 bp/s.
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Figure 2. Representative time courses of single-turnover kinetics of RecB CD-catalyzed ssDNA
translocation. Time courses were obtained as a function of ssDNA length (Lss = 30 nt (black); 50 nt
(red); 70 nt (blue); 90 nt (green)). Data points are a representative set of data, and the smooth curves are
simulated time courses based on the global NLLS best fits to Scheme 1. A. RecB
CDThe macroscopic translocation rate is mtkt = 2125 ± 122 bp/s. B. RecB
CD-catalyzed
The macroscopic translocation rate is mtkt = 2804 ± 150 bp/s.
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